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ABSTRACT 
GENETIC AND MOLECULAR IVESTIGATIONS OF DROSOPHILA NOTCH 
SIGNALING 
Nevine A. Shalaby 
Thesis Advisor: Professor Marc A. T. Muskavitch 
 
Notch signaling is an evolutionarily conserved developmental pathway regulated 
by two classes of transmembrane proteins: the Notch receptors and the 
Delta/Serrate/LAG-2 (DSL) ligands. Notch and DSL ligands mediate cell-cell 
communication that results in a downstream signaling cascade that affects many aspects 
of metazoan development. Additional regulatory mechanisms that affect Notch signaling 
are being discovered continuously, and recent findings highlight the importance of 
endocytosis, ubiquitylation and subcellular trafficking as essential requirements for 
proper signaling. In order to obtain further insights into the regulation of Notch signaling, 
I took a two-fold approach, combining genetic and molecular techniques in Drosophila. 
First, I took part in a large-scale transposon-based screen in the developing Drosophila 
eye to identify additional genes involved in the pathway. We screened 10,447 transposon 
lines from the Exelixis collection for modifiers of cell fate alterations caused by 
overexpression of Delta, and we identified 170 distinct modifier lines that may affect up 
to 274 genes. I further analyzed a previously uncharacterized gene, which we have named 
Amun, and showed that it localizes to the nucleus and contains a putative DNA 
glycosylase domain. Further analyses of Amun reveal that altered levels of Amun function 
interfere with cell fate specification during eye and sensory organ development. Second, 
to investigate structural requirements for ubiquitylation of Delta, I analyzed four 
  
individual lysine residues in the Delta intracellular domain, and assessed their necessity 
for Delta signaling activity. I find that a conserved residue, DeltaK742, is essential for 
Notch signaling in the Drosophila imaginal wing disc and is apparently required for 
ubiquitylation of Delta by the E3 ubiquitin ligase, Mind bomb1 (one of two E3 ubiquitin 
ligases required for Delta signaling activity). Taken together, the findings from this thesis 
research contribute to the advancement of our understanding of different aspects of Notch 
signaling and Notch-mediated development.
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CHAPTER I 
INTRODUCTION 
 2 
 
A. An introduction to the Notch signaling pathway 
The Notch pathway is a highly conserved signaling pathway that allows 
pluripotent precursor cells to respond to regulated developmental signals, in a manner 
that induces or inhibits the adoption of specific cell fates (ARTAVANIS-TSAKONAS et al. 
1999; BRAY 2006; LE BORGNE et al. 2005a). Disruption of Notch pathway function, 
either by ectopic Notch signaling or by inactivation of the pathway, will lead to the 
adoption of inappropriate cell fates. Mutations in core components of Notch signaling 
have been implicated in a wide range of diseases, including neurological disorders [e.g., 
CADASIL (cerebral autosomal dominant arteriopathy with subcortical infarcts and 
leukoencephalopathy) and Alzheimer’s Disease] (LATHIA et al. 2008; WOLFE and HAASS 
2001), cancers (e.g., T-cell acute lymphoblastic leukemia) (SJOLUND et al. 2005) and 
cardiac anomalies (DE LA POMPA 2009). 
   
In Drosophila, Notch is a Type I transmembrane receptor protein with 36 
epidermal growth factor-like repeats (ELRs) and three lin-12/Notch repeats (LNRs) 
within its extracellular domain. Notch receives a signal from either one of two ligands, 
Delta or Serrate, which are also Type I transmembrane proteins with extracellular 
domains that include multiple ELRs (D'SOUZA et al. 2008). A physical interaction 
between ligand and receptor is required for signaling to occur (NICHOLS et al. 2007b). 
Upon binding, the Notch extracellular domain (NotchECD), bound to the Delta protein, 
enters the Delta-signaling cell via a process known as trans-endocytosis (ITOH et al. 
2003; NICHOLS et al. 2007a; PARKS et al. 2000). Then, membrane-tethered Notch 
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undergoes a series of proteolytic cleavages that eventually release the Notch intracellular 
domain (NotchICD) into the cytoplasm. The NotchICD subsequently translocates to the 
nucleus and forms a transcriptional co-activator complex with nuclear proteins, including 
Suppressor of Hairless [Su(H)] and Mastermind (Mam), and turns on the expression of 
target genes {e.g., the bHLH-family of Enhancer of split [E(spl)] genes} (BRAY 2006; 
PORTIN 2002) (Figure 1.1). In this way, Notch signaling is distinctive because a portion 
of the receptor itself functions as a transcription factor.  
 
Regulation of Notch signaling occurs on many different levels. In mammals, 
Notch is post-translationally modified by a cleavage event known as S1 cleavage. This 
cleavage, mediated by a Furin-like convertase, yields a non-covalently bound 
heterodimeric receptor that is localized at the cell surface (LOGEAT et al. 1998; NICHOLS 
et al. 2007a); however, this cleavage may not be required for Drosophila Notch function 
(KIDD and LIEBER 2002). At the cell surface, Notch binds the Delta ligand and trans-
endocytosis occurs, which allows the Delta-NotchECD complex to enter the Delta-
expressing cell (NICHOLS et al. 2007a; PARKS et al. 2000). This trans-endocytosis event 
produces a substrate for an S2 cleavage event (NICHOLS et al. 2007a) that is thought to be 
mediated by an ADAM metalloprotease Kuzbanian (Kuz) (LIEBER et al. 2002). Finally, 
an S3 cleavage event mediated by a γ-secretase complex, which includes Presenilin, 
Nicastrin and Pen2 (PARKS and CURTIS 2007), catalyzes release of NotchICD into the 
cytoplasm, where it subsequently translocates to the nucleus and regulates target gene 
expression (BRAY 2006; SCHWEISGUTH 2004). Endocytosis and ubiquitylation play 
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crucial roles in Notch regulation by affecting ligand and receptor localization (CHITNIS 
2006; ITOH et al. 2003; LAI et al. 2001; LE BORGNE 2006; LE BORGNE et al. 2005a). 
Several endocytic and trafficking proteins (e.g., Auxilin, Dynamin, Epsin, Numb and 
Rab11) and E3 ubiquitin ligases (e.g., Neuralized, Mindbomb1 and Deltex) have been 
implicated in activation of ligand-dependent signaling and down-regulation of the 
receptor (BERDNIK et al. 2002; EMERY et al. 2005; HAGEDORN et al. 2006; ITOH et al. 
2003; LAI et al. 2001; MATSUNO et al. 1995; OVERSTREET et al. 2004; SEUGNET et al. 
1997; WANG and STRUHL 2004). In summary, many different types of proteins with 
functions in cell-cell communication, intracellular trafficking, protein metabolism, and 
gene regulation are implicated in Notch signaling.  
 
Despite a wealth of literature addressing many aspects of Delta-Notch signaling, 
numerous findings in recent years indicate that additional molecular components and 
uncharacterized mechanisms that affect the pathway remain to be discovered 
(ARTAVANIS-TSAKONAS et al. 1999; BRAY 2006; NICHOLS et al. 2007b; PORTIN 2002; 
SCHWEISGUTH 2004). In an effort to uncover previously unidentified core components of 
the Notch signaling pathway, the first objective of my thesis research was to conduct a 
wide-scale transposon screen that identified several previously characterized and 
uncharacterized genes that may play important roles in Notch-mediated development (see 
Chapter II).    
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B. Notch signaling is crucial for development and cell fate specification in multiple 
Drosophila tissues 
Notch signaling is responsible for proper cell fate specification in many 
developmental contexts. For instance, the development of all Drosophila imaginal discs 
is extensively dependent on Notch signaling, and other signaling pathways, for correct 
patterning of the disc and precise specification of cell fates. The development and 
differentiation of distinct cells of the Drosophila eye and wing/notal imaginal discs have 
been extensively studied (BLAIR 2007; CALLEJA et al. 2002; TING and LEE 2007), and 
Notch signaling has been shown to act in either an inductive or an inhibitory manner to 
regulate the adoption of cell fates during many stages of their development. Therefore, 
these discs provide excellent contexts in which to investigate mechanisms of Notch-
mediated development and uncover additional molecular components of the signaling 
cascade. 
 
1. Notch signaling and the development of the eye imaginal disc   
A fully formed Drosophila adult eye consists of ~800 ommatidia that are 
organized at evenly spaced intervals. The cells that make up each ommatidium include 
eight photoreceptors (R1-R8), four non-neuronal cone cells, two primary pigment cells 
and the surrounding lattice work (secondary and tertiary pigment cells, as well as the 
bristle cells) (WOLFF and READY 1993) (Figure 1.2). Each ommatidium is initially 
established by the specification of the founding photoreceptor cell, R8 (WOLFF and 
READY 1991). The bHLH proneural protein Atonal is required to establish the proneural 
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cluster (JARMAN et al. 1994) within which R8 is specified. Subsequent Delta activation is 
required to enhance the expression of Atonal in these cells (BAKER and YU 1997; 
JARMAN et al. 1994). Delta signals from the presumptive R8 cell to Notch in neighboring 
cells via a process known as lateral inhibition, preventing them from adopting the R8 
fate, thereby restricting the number of R8 photoreceptors to one cell per ommatidium 
(CAGAN and READY 1989; PARKS et al. 1995). Notch signaling is subsequently required 
for the differential specification of the R3/R4 photoreceptor fates (DEL ALAMO and 
MLODZIK 2006). Del Alamo and Mlodzik demonstrate that the E3 ubiquitin ligase Neur is 
asymmetrically expressed in the presumptive R3/R4 pair, and is eventually up-regulated 
in the presumptive R3 cell, in a Notch-dependent manner (DEL ALAMO and MLODZIK 
2006). Delta (presumably activated by Neur) then signals from the R3 cell to Notch in the 
R4 cell to promote the adoption of the R4 fate. Both members of presumptive R3/R4 
pairs within somatic clones of Dl- cells adopt the R3 fate (FANTO and MLODZIK 1999). 
Notch signaling is also required for induction of the R7 cell fate by signaling from the 
R1/R6 photoreceptor pair (COOPER and BRAY 2000; TOMLINSON and STRUHL 2001). 
Delta expressed by the R1/R6 pair signals to Notch in presumptive R7 cells and promotes 
the adoption the R7 fate. Presumptive R7 cells adjacent to somatic clones including Dl- 
R1/R6 pairs adopt the R1/R6 fate rather than the R7 fate. Conversely, ectopic expression 
of activated Notch in the R1/R6 pair will promote their adoption of the R7 fate (COOPER 
and BRAY 2000; TOMLINSON and STRUHL 2001). In addition, Notch signaling is 
necessary for the induction of cone cell (TSUDA et al. 2002) and primary pigment cell 
fates (CARTHEW 2007; NAGARAJ and BANERJEE 2007). During cone cell specification, 
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expression of the EGFR ligand Spitz in photoreceptor cells first activates Delta 
expression in those cells. This is thought to occur via the inactivation in photoreceptors of 
the transcriptional co-repressor complex formed by the two proteins Su(H) and 
SMRTER. Two nuclear proteins, Sno and Ebi, form a complex that drives 
Su(H)/SMRTER out of the nucleus, relieving the transcriptional repression of Delta 
(TSUDA et al. 2002). Delta expressed in the R1/R6 photoreceptor cells then signals to 
Notch in the presumptive cone cell to promote the adoption of the cone cell fate. Finally, 
the differentiation of the primary pigment cells occurs when undifferentiated cells 
surrounding the cone cells receive a Delta signal from the cone cells (NAGARAJ and 
BANERJEE 2007). Based on this knowledge of eye development, we generated a 
sensitized background for the transposon screen described in Chapter II of this thesis. We 
overexpressed Delta in the eye, which led to specific developmental changes that affect 
the gross morphology of the eye due to aberrant cell fate specification, including 
disruptions of R7 and cone cell fate adoption (see Chapter II). 
 
2. Notch signaling and the development of the wing imaginal disc 
Notch was first identified based on its effects on development of the adult wing 
margin. Loss of one copy of Notch in females results in wing margin incisions. It was 
later shown that Notch signaling is required for many aspects of wing disc development, 
including cell growth, vein determination, and wing margin formation (KLEIN 2001). The 
adult Drosophila wing consists of ~75,000 cells organized within two apposed monolayer 
epithelia, and is divided into dorsal and ventral compartments through the activity of 
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several proteins, including genes involved in Wingless and Notch signaling (BLAIR 2007) 
(Figure 1.3). Each wing imaginal disc consists of the wing pouch, which develops into 
the adult wing, and the heminotum region, which develops into half of the adult notum. 
Wingless expression is initially required to define the region of the presumptive wing 
pouch, and Notch activity is later required to define the wing margin at the dorsal/ventral 
boundary (BLAIR 1996) (Figure 1.3A). Both Notch ligands, Delta and Serrate, function to 
activate Notch signaling in this context. This activity is regulated by the 
glycosyltransferase Fringe. Fringe is expressed dorsally in the wing pouch and modifies 
NotchECD, rendering it receptive to a signal by Delta, but not Serrate (IRVINE 2008). 
Therefore, Delta-expressing cells within the ventral compartment can activate Notch in 
cells of the dorsal compartment, at the wing margin. In contrast, Serrate acts from the 
dorsal compartment to activate Notch signaling in ventral cells, at the wing margin. 
When activated, Notch signaling turns on the expression of downstream targets such as 
Cut, Wingless and Vestigial. Aberrations in Notch signaling at the margin yield 
phenotypes that range from ectopic wing margin formation (up-regulation of Notch 
signaling) to wing margin incisions (down-regulation of Notch signaling) (see Chapters II 
and IV of this thesis).  
 
Notch signaling also plays a role in wing vein specification (HUPPERT et al. 
1997). The adult wing consists of four longitudinal veins and two crossveins that link two 
pairs of the longitudinal veins (Figure 1.3B). The veins are initially determined within 
wider regions referred to as “proveins,” and regions between veins are referred to as 
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"interveins." Delta and Serrate are expressed in the center of the provein ("central 
provein" cells) and activate Notch signaling in the flanking cells ("lateral provein" cells). 
Notch activation in these cells turns on the expression of E(spl)mβ, which inhibits vein 
cell formation (DE CELIS et al. 1997; HUPPERT et al. 1997). Therefore, reductions in 
Notch signaling lead to thicker wing veins, and ectopic Notch signaling leads to missing 
veins and more extensive intervein territories.  
 
In Chapters II and IV of this thesis, I describe the use of the wing imaginal disc to 
study different aspects of Notch signaling. In Chapter II, I illustrate the use of a Delta-
sensitized background in the wing to prioritize modifiers from the transposon-based 
screen. In Chapter IV, I use a combination of genetics and immunolabeling techniques to 
test the functionality of mutated Delta proteins in the wing disc, using Notch target gene 
expression as a “read out” for signaling activity.   
 
3. Notch signaling and the development of the bristle sensory organ    
The specification of the four cells that constitute the mature Drosophila 
mechanosensory bristle organ is also regulated by Notch signaling. Bristle organ 
development is initiated with the expression of the basic helix-loop-helix (bHLH) 
transcription factors, Achaete and Scute, in groups of developmentally equivalent 
"proneural" cells. Within proneural equivalence groups, sensory organ precursors (SOPs) 
are singled out; and Delta signals from these cells to Notch in neighboring cells, 
preventing them from adopting the SOP fate. SOPs subsequently divide into two cells, 
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pIIa and pIIb. Following this division, Delta in pIIb signals to Notch in pIIa, inhibiting it 
from adopting the pIIb fate. The pIIa cell undergoes one more division to form the two 
cells that will form the external features of the bristle organ (the shaft and socket cells), 
while the pIIb cell divides to form the glial cell and pIIIb. The pIIIb cell subsequently 
divides and differentiates into the neuron and sheath cells (Figure 3.11. is a graphical 
representation summarizing the development of the sensory bristle organ). Notch 
signaling also occurs between the shaft and socket cells and between the neuron and 
sheath cells, respectively, to inhibit adoption of the shaft fate by the socket cell and the 
neuronal fate by the sheath cell (GHO et al. 1999; GHO et al. 1996; GUO et al. 1996; LE 
BORGNE and SCHWEISGUTH 2003b; REDDY and RODRIGUES 1999; WANG et al. 1997). 
Misregulation of Notch signaling during bristle organ development can lead to a variety 
of phenotypes, depending on the developmental stage during which disruption occurs. 
For example, reduction of Notch signaling during SOP specification results in 
specification of multiple SOPs, leading to the development of multiple bristle organs, 
whereas reduction of Notch signaling during differentiation of the neuron and sheath 
cells, can lead to specification of two neuron cells and no sheath cells (HARTENSTEIN and 
POSAKONY 1990; PARKS and MUSKAVITCH 1993). In Chapter III of this thesis, I describe 
the characterization of a previously uncharacterized protein, which we have named 
"Amun," and show that it plays a role in sensory organ development. 
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C. Notch and Delta trafficking 
Emerging evidence from numerous labs is implicating endocytosis and 
subcellular trafficking as key processes for activation and down-regulation of Notch 
signaling, as well as localization of Delta and Notch proteins to the cell surface (CHITNIS 
2006; LE BORGNE 2006). Expression patterns of Notch and Delta, in most cells, do not 
explain the differential signaling patterns within equivalence groups, i.e., why one cell 
acquires a signal-sending fate, and the other a signal-receiving fate. Instead, post-
translational modifications (such as ubiquitylation and proteolysis) that lead to correct 
trafficking and activation of ligand or receptor can help provide such an explanation. 
Endocytic and trafficking events affect both ligand and receptor. These events require 
many different types of proteins, some of which are general components of the endocytic 
and trafficking machinery [e.g., Shibire (Drosophila Dynamin), Clathrin and 
RabGTPases (including Rab5, Rab7 and Rab11)] and others are thought (so far) to be 
more specific to Notch ligand/receptor endocytosis and trafficking [e.g., two E3 ubiquitin 
ligases Neuralized (Neur) and Mindbomb1 (Mib1)] (BROU 2008; CHITNIS 2006; LE 
BORGNE et al. 2005a). More recently, mutations in an aquaporin-related protein that is 
also involved in the maturation of endosomes [e.g., Big brain (KANWAR and FORTINI 
2008)] have also been shown to have effects on Notch signaling, as well as on other 
signaling pathways, albeit to lesser extents.  
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1. Notch (receptor) trafficking 
 As a cell surface receptor, mature Notch receptor is localized primarily to the 
plasma membrane, and in the absence of a ligand, it is readily endocytosed and targeted 
for degradation within signal-receiving cells. In the presence of a ligand, the NotchECD 
enters the Delta-expressing cell, and membrane-tethered NotchICD is cleaved twice (S2 
and S3 cleavages) in the signal-receiving cell; S2 is mediated by an ADAM 
metalloprotease, and S3 is mediated by a γ-secretase complex (LAI 2004). Endosomal 
entry is required for activation of the Notch receptor since cells with dysfunction for early 
endosomal compartment markers [Rab5 and Avalanch (a Drosophila homolog of the 
SNARE syntaxin 1)] exhibit accumulation of Notch at the plasma membrane, as opposed 
to endocytic vesicles (LU and BILDER 2005). Subsequent experiments performed by 
Vaccari et al. (2008) show that mutations in Rab5 or Avalanch severely reduce the 
generation of NotchICD, suggesting that S3 cleavage by the γ-secretase complex takes 
place in an early endosomal compartment. This is not surprising since endosomal 
compartments are typically acidic, hence provide an optimal pH for proteolytic cleavage. 
Additionally, Notch mono-ubiquitylation by the E3 ubiquitin ligase Deltex is required to 
protect Notch from being degraded, possibly by recruiting it into endosomal 
compartments (MATSUNO et al. 1995). Moreover, disruptions in members of ESCRT 
(endosomal sorting complex required for transport) complex, such as Tsg101, Vps22 and 
Vps32, lead to increased Notch activity, which results in the overgrowth of the imaginal 
wing disc (MOBERG et al. 2005; THOMPSON et al. 2005; VACCARI and BILDER 2005). 
Finally, several cytoskeletal proteins have also been implicated in Notch signaling 
 13 
 
including Merlin (Drosophila ortholog of Neurofibromatosis 2) and Expanded (related to 
the FERM family: Four-point one, Ezrin, Radixin, Moesin). Merlin and Expanded are 
thought to mediate association of protein complexes (including receptors, such as Notch) 
to the cytoskeleton and recruit those complexes to either the recycling endosome or the 
lysosome for degradation (MAITRA et al. 2006; MCCARTNEY et al. 2000).  
 
Other endocytic proteins appear to act as negative regulators of Notch signaling, 
such as Numb (along with its interactor, Sanpodo). Numb physically interacts with Notch 
and alpha-adaptin (a member of the AP-2 complex), and inhibits Notch from being 
endocytosed, hence preventing signaling (GUO et al. 1996; SPANA and DOE 1996). Numb 
is especially critical for the binary cell fate decision during SOP division into pIIa and 
pIIb cells (see above for description of sensory organ formation). Numb is 
asymmetrically expressed in the SOP cell and is eventually “inherited” in the pIIa cell 
only, forcing it to acquire a signal-sending capacity (RHYU et al. 1994).  
 
2. Delta (ligand) trafficking 
 As observed with the receptor Notch, ubiquitylation and endocytosis are critical 
elements for downstream trafficking of Delta following Notch binding, and appear to be 
required for generating an active ligand at the cell surface. There are two major questions 
concerning ligand trafficking in the Notch pathway. First, is recycling of Delta through 
multiple endosomal compartments required for ligand activation? Second, is Delta 
endocytosis required to generate an activated Notch receptor? As mentioned above, at 
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one point during SOP division, the pIIb cell becomes the signal-emitting cell, while the 
pIIa cell becomes the signal-receiving cell. Besides the asymmetrical distribution of the 
Notch negative regulator Numb (see above), differential trafficking of ligand and receptor 
may play a critical role in up-regulating Delta activity in the pIIb cell. For instance, 
Rab11 (a GTPase that marks the recycling endosome) accumulates around the 
centrosome of pIIb and is required for Delta activity (EMERY et al. 2005). Further 
evidence for this idea is provided by the requirement for Delta signaling of the binding 
partner of Rab11, Nuclear fallout (Nuf) (which localizes Rab11 to the centrosome, which 
does not occur in the pIIa cell), during Notch signaling (EMERY et al. 2005). 
Furthermore, mutations in a component of the exocyst complex, Sec15 (a Rab11 effector) 
were isolated in a genetic screen for regulators of binary cell fate decisions during bristle 
development (JAFAR-NEJAD et al. 2005). Sec15 is required for the correct trafficking of 
Delta in pIIb. It is therefore thought that the exocyst mediates trafficking of Delta to the 
membrane of pIIb, but not pIIa cells, via the Rabll/Sec15-positive recycling endosome 
(BROU 2008).  
  
There are several other proteins that have been shown to be required for Notch 
signaling solely in the ligand-expressing cell, including two E3 ubiquitin ligases, 
Neuralized (Neur) and Mind bomb 1 (Mib1), and the adaptor protein, Liquid facets (Lqf). 
Lqf (the Drosophila homolog of Epsin) contains a ubiquitin-binding motif and facilitates 
endocytosis of ubiquitylated proteins in a clathrin-dependent fashion (WANG and STRUHL 
2004). Lqf binds phosphoinositol lipids in the plasma membrane, Clathrin and the AP-2 
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adaptor complex (TIAN et al. 2004). Auxilin is a J-domain-containing protein that 
functions to disassemble Clathrin from Clathrin-coated vesicles and is required for Delta 
endocytosis (HAGEDORN et al. 2006). One favored model suggests that Epsin functions at 
the membrane to link Clathrin and Delta, and promote the generation of Delta-containing 
Clathrin-coated pits. Then, Auxilin acts by disassembling these vesicles in order for Delta 
to travel through the recycling endosomal pathway (BROU 2008). 
 
Mutations in neur and mib1 yield neurogenic phenotypes in Drosophila, Xenopus 
and zebrafish; and the identification of these proteins has lead to the discovery of 
ubiquitylation as a requirement for Delta signaling (DEBLANDRE et al. 2001; 
GLITTENBERG et al. 2006; LAI et al. 2005; ZHANG et al. 2007) (more on ubiquitylation in 
the Chapter IV Introduction). Neur and Mib1 are structurally distinct proteins, yet share a 
conserved C-terminal RING (Really Interesting New Gene) domain and have similar 
biochemical activities, but distinguishable developmental functions. Neur is a 754-amino 
acid protein that contains two conserved Neuralized Homology Repeat domains in its N-
terminus, which have been shown to mediate binding to Delta or to an inhibitory protein, 
Twin of m4 (Tom-a Bearded family member) (BARDIN and SCHWEISGUTH 2006). Mib1 is 
a 1030-amino acid protein that includes a zinc finger domain surrounded by two Mib1 
domains, two Mib1 repeats, eight ankryin repeats, two atypical RING domains and one 
C-terminal catalytic RING domain (KOO et al. 2005; LAI et al. 2005). The C-terminal 
RING domain common to Neur and Mib1 is necessary for E3 ligase function, and one 
internal, conserved cysteine residue within the RING domain is essential for ligase 
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function. In Drosophila, ubiquitylation by Neur and Mib1 involves the covalent addition 
of a ubiquitin molecule to a lysine residue within the DeltaICD; however, the lysine 
residues required for this function are unknown. Determining the sites of ubiquitylation 
by Neur and/or Mib1 is important since ubiquitylation appears to affect ligand activity 
and trafficking (D'SOUZA et al. 2008). My third and final research chapter focuses on the 
investigation of several DeltaICD lysine residues and determination of whether any of 
these lysine residues may be Neur-specific or Mib1-specific sites of ubiquitylation (see 
Chapter IV).  
  
D. Conclusions and motivation for research plan 
As described above, many features of Notch signaling imply that unidentified 
molecular components and mechanisms that function in the pathway remain to be 
discovered. Therefore, I took part in a large-scale genetic screen using the recently 
generated Exelixis transposon collection (THIBAULT et al. 2004) to identify additional 
genes that modulate Notch signaling during development. The screen is based on the 
ability of genes to modify cell fate changes that result from Delta overexpression in the 
retina during development. The screen identified 170 individual transposon insertions 
that potentially affect a total of 274 genes, grouped into a variety of functional classes 
including cytoskeletal, trafficking, and gene regulatory proteins (Chapter II, Shalaby et 
al., submitted). Furthermore, I characterized a phenotypic suppressor of Delta 
overexpression encoded by CG2446, a gene that we have named Amun. The Amun 
protein contains a putative DNA glycosylase domain, and Amun loss-of-function 
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phenotypes include defects in bristles and eyes, two tissues in which Notch signaling (as 
well as other signaling pathways) is required for multiple developmental decisions 
(Chapter III, Shalaby et al., submitted). Finally, to gain further insight into the process of 
ubiquitylation and Delta trafficking, I performed a structure-function analysis of several 
lysine residues within the DeltaICD. I attempted to assess the requirements and 
specificities within a set of lysine residues for one of two E3 ubiquitin ligases, Neur and 
Mib1. I demonstrate that one lysine residue, DeltaK742, appears to be required for Delta 
ubiquitylation by Mib1 in the Drosophila wing imaginal disc (Chapter IV). 
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Figure 1.1. The canonical Notch signaling pathway. Binding of the Delta ligand (blue) on 
the surface of one cell to the Notch receptor (orange) on the surface of another cell 
stimulates an endocytic event that results in the dissociation of full-length Notch into an 
extracellular domain (NECD) and a membrane-tethered intracellular domain (NEXT). 
NECD, bound to Delta, enters the Delta-expressing cell via a process known as trans-
endocytosis, leaving behind NEXT as a substrate for cleavage by the metalloprotease, 
Kuzbanian (Kuz). Kuz catalyzes the S2 cleavage generating a substrate for S3 cleavage 
by Presenilin (Psn), which results in the release of the Notch intracellular domain (NICD) 
into the cytoplasm. NICD translocates to the nucleus and binds to Suppressor of Hairless 
[Su(H)] and Mastermind (Mam) to activate the transcription of Notch target genes. 
Endocytosis and ubiquitylation are key events that take place during Notch signaling. 
Two E3 ubiquitin ligases, Neuralized (Neur) and Mind bomb1 (Mib1) are required for 
Notch signaling and are thought to generate an active ligand by ubiquitylating Delta, 
which is subsequently recognized by the endocytic adaptor protein Epsin (Drosophila 
liquid facets), which contains a ubiquitin-interacting motif. Markers of the recycling 
endosome, such as Rab11 and Sec15, have also been shown to be required for Notch 
signaling and are thought to play a role in generating an active ligand at the cell surface. 
Figure is courtesy of Annette L. Parks, Boston College. 
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Figure 1.1. The canonical Notch signaling pathway 
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Figure 1.2. The development of each ommatidium initiates during the third larval instar 
stage with the specification of the first photoreceptor R8, followed by the sequential 
recruitment of photoreceptors R2/R5, R3/R4, R1/R6 and, finally, R7. Cone cells and 
primary pigment cells are specified during the pupal stage of development, as are 
members of the latticework that include the secondary and tertiary pigment cells. Notch 
signaling is involved in multiple aspects of eye development, including the singling out 
of the R8 photoreceptor, proper specification of the R3/R4 photoreceptor pair, delineation 
of the R1/R6 photoreceptor pair from the R7 photoreceptor, and finally induction of cone 
cell and primary pigment cell fates (see text). Grey circles with numbers, photoreceptors; 
blue pentagons, cone cells; and yellow semi-circles, primary pigment cells.  
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Figure 1.2. Development of the Drosophila eye imaginal disc 
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Figure 1.3. Development of the Drosophila wing imaginal disc. Activation of Notch 
signaling is critical during the development of the wing disc. (A) A sketch of the wing 
imaginal disc at the third larval instar stage. Delta expression is observed directly 
adjacent to the wing margin (black lines), signaling to Notch in the presumptive wing 
margin (red arrow), which activates Cut expression in this region (red arrow) (see 
Chapter IV). At this stage, the wing veins have started to form, and Delta expression is 
observed in the presumptive L3 and L4 veins (green arrows). (B) A sketch of the wing 
imaginal disc at a later pupal stage [~30 hr after puparium formation (APF)]. At this stage 
the wing margin has formed around the disc, and the anterior edge of the disc has become 
the L1 vein. Delta in the central provein activates Notch in the lateral provein (black lines 
represent Notch expression, green arrowheads). (C) An adult wild type wing (Oregon-R) 
with the positions of the wing margin, as well as the wing veins (L2 – L5), noted. 
Abbreviations: A, Anterior; P, Posterior; D, Dorsal; and V, Ventral. 
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Figure 1.3. Development of the Drosophila wing imaginal disc 
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CHAPTER II 
A WIDE-SCALE TRANSPOSON SCREEN IDENTIFIED DOMINANT 
MODIFIERS OF A DELTA OVEREXPRESSION EYE PHENOTYPE 
 
 
A portion of this work is described in the manuscript entitled "A screen for modifiers of 
Notch signaling uncovers Amun, a protein with a critical role in sensory organ 
development. " by Shalaby, N.A. et al., accepted, pending minor revisions, by the 
editorial staff of Genetics
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A. INTRODUCTION 
1. Forward genetics in Drosophila  
Drosophila melanogaster has been used in genetic studies for nearly 100 years 
and has been developed into an excellent model system to identify genes involved in 
developmental and cellular processes. Drosophila is an excellent context in which to 
study functions of proteins that may be related to human health since nearly 30% of the 
genes correlated with human disease-genes (~700 among 2,309) have counterparts in 
Drosophila [reviewed in (BIER 2005)]. An extremely effective genetic strategy in 
Drosophila is the use of random mutagenesis for genome-wide screens, which provides a 
large-scale unbiased approach for the discovery of previously unidentified genes, or new 
alleles of known genes, involved in the mechanisms you wish to study.  
 
Traditionally, genetic screens were carried out using ethylmethane sulfonate 
(EMS) mutagenesis, which is a chemical that induces predominantly point mutations in 
genes at an average rate of 1 mutation in 1,000-3,000 haploid genomes exposed to the 
mutagen (ASHBURNER et al. 2004). Subsequently, gene function is disrupted if a mutation 
occurs in crucial amino acids present in an open reading frame or crucial nucleotides 
within regulatory sequences. The main disadvantage of EMS is that mapping induced 
mutations to genes, although feasible, is extremely laborious and time-consuming. 
Therefore, another strategy that has been developed to disrupt gene function on a large-
scale basis involves the mobilization of transposable elements (BELLEN et al. 2004). 
Transposons are sequences of DNA that can be “hopped” around the genome, causing 
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mutations in the process. The landing sites of transposons can be defined genomically 
using standard molecular procedures (e.g., inverse PCR) (THIBAULT et al. 2004), thereby 
circumventing the tedious mapping involved in chemical mutagenesis. To date, many 
kinds of mutagenic transposons have been created and several collections have been 
generated for Drosophila (BELLEN et al. 2004), which serve as excellent tools for 
unbiased wide-scale assessment of gene functions. 
 
2. The Exelixis collection 
I took part in a large-scale transposon screen conducted to identify additional 
genes required for Delta-Notch-mediated signaling and development. We performed our 
transposon-based screen using the Exelixis collection, a unique resource of more than 
15,000 individual, molecularly defined transposon insertion lines affecting approximately 
50% of Drosophila genes (THIBAULT et al. 2004). The collection was generated by 
Exelixis, Inc. (San Francisco, CA) and released to the fly community in 2004. Since its 
release, the entire collection has been screened only once by the Artavanis-Tsakonas 
group (KANKEL et al. 2007). The collection is unique because it is comprised of four 
different transposon types: three piggyBac-based transposons (PB, RB, and WH) and one 
P element transposon (XP). An important difference between piggyBac and P element 
transposons is their insertional “preferences”. The piggyBac transposons are inserted 
more randomly throughout the genome and affect fewer "hot-spots," while P elements 
insert into a greater number of hot-spots and are mainly inserted within the 5’ 
untranslated regions (UTRs) of genes (THIBAULT et al. 2004). Two of the four 
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transposons contain at least one UAS regulatory cassette (see below, BRAND and 
PERRIMON 1993). The WH transposon contains a single terminal UAS cassette that can 
activate or interfere with (via anti-sense transcript production) expression of neighboring 
genes. The XP transposon contains two terminal UAS cassettes that have the potential to 
alter expression of genes located adjacent to either end or both ends of the inserted 
transposon. The PB and RB vectors contain no UAS sequences; therefore, their effects on 
genes are limited to the site of insertion.  
 
 We screened 10,447 individual Exelixis transposon lines in a genetic modifier 
screen to identify additional members of the Notch pathway. Our screen is based on the 
ability of genes to modify a rough eye phenotype created by Delta overexpression in the 
eye. Our approach took advantage of the GAL4/UAS system, which allows the ectopic 
expression of a specific gene of interest in a directed expression pattern (BRAND and 
PERRIMON 1993). We used the two transgenes: P[GMR-GAL4] and P[UAS-DeltaWT]. 
The GMR promoter drives the expression of the GAL4 protein in the GMR pattern, which 
is specific to the eye (FREEMAN 1997). GAL4 then binds to upstream activating 
sequences (UAS) and directs transcription of the downstream protein, Delta. The GMR-
Gal4 UAS-DeltaWT (GMR>DeltaWT) genotype, when heterozygous or homozygous, 
creates a rough eye phenotype that we used in our screen to identify effectors of Notch-
mediated development. 
 
B. RESULTS 
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1. Delta overexpression posterior to the morphogenetic furrow causes specific cell fate 
changes that lead to a rough eye phenotype 
 Notch signaling establishes spacing within the ommatidial array and regulates the 
specification of most, if not all, cell types within each ommatidium (see Chapter 1-
Introduction). We designed a genetic modifier screen based on overexpression of Delta in 
the developing retina under control of the GMR promoter, which drives gene expression 
posterior to the morphogenetic furrow (HAY et al. 1997). Specifically, GMR drives in 
rows 4-6 of the developing eye disc, where the photoreceptors R2, R3, R4, R5, and R8 
are already present, and photoreceptors R1 and R6 are joining the ommatidial precluster 
(WOLFF and READY 1993). GMR-driven wildtype Delta expression (GMR-Gal4 UAS-
DeltaWT/+ or GMR>DeltaWT/+) leads to an adult eye that is glossy and reduced in size, 
with irregular ommatidial spacing (Figure 2.1). This phenotype is suitable for the 
identification of both suppressor and enhancer mutations and provides a suitable 
sensitized background for a genetic modifier screen. 
  
To understand how misregulation of Notch signaling by Delta overexpression 
leads to the observed adult eye phenotype, the fates of two cell types were examined, the 
R7 photoreceptor and the non-neuronal cone cells. Importantly, these two cells are 
specified after GMR-Gal4 expression is initiated. Notch signaling is thought to induce the 
R7 and cone cell fates (see Chapter 1 - Introduction). To detect the number of R7 
photoreceptors in a developing eye disc of third instar larvae, the lacZ reporter, XA12 
(VAN VACTOR et al. 1991) was used. Staining for the activity of β-galactosidase defined 
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the number of XA12-positive cells, hence the number of R7 cells per ommatidium. In 
control third instar larval eye discs, a single XA12-positive cell was identified per 
ommatidium; whereas in GMR>DeltaWT/+ eyes, multiple XA12-positive cells per 
ommatidium were often detected (Figure 2.2). This indicates that overexpression of Delta 
results in the specification of excess R7 cells, suggesting an increase in Notch inductive 
signaling in this context.  
 
To detect the number of cone cells in a developing eye disc, retinas at 24 hrs after 
puparium formation (APF) were dissected and stained using anti-Cut antibody, since Cut 
protein is strongly detected in the four cone cells of wild type ommatidia (TSUDA et al. 
2002). Approximately 20 discs were dissected from 20 separate fly brains from at least 
two different sets of crosses that were performed on separate days, for a given genotype. 
In contrast to the increase in R7 cells, anti-Cut immunolabeling reveals a decrease in the 
number of cone cells per ommatidium in GMR>DeltaWT/+ retinas, as well as an overall 
disorganization of the ommatidial array (Figure 2.3B). The average number of cone cells 
per ommatidium (n=140) is 3.33 in the GMR>DeltaWT/+ eye, which is significantly 
fewer than the invariant number of four cone cells per ommatidium in wild type eyes 
(p<0.005) (Figure 2.3A). The decrease in cone cell numbers indicates a decrease in Notch 
inductive signaling in this context. Dominant-negative phenotypes resulting from 
overexpression of wild type Delta have also been observed in the notum, where 
overexpression of DeltaWT results in the specification of supernumerary bristle sensory 
organ precursors (T. R. Parody, T. Zhong and M.A.T.M., unpubl. results). In addition, 
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overexpression of DeltaWT is known to inhibit Notch signaling in the wing pouch, in a 
process known as cis-inhibition (DE CELIS and BRAY 1997; LI and BAKER 2004; 
MICCHELLI et al. 1997). This cone cell analysis was subsequently applied to a total of ten 
modifiers recovered from the screen to gain further insight into their effects on the 
GMR>DeltaWT/+ eye phenotype (see below).  
 
In summary, overexpression of Delta posterior to the morphogenetic furrow 
causes specific cell fate changes for at least two cell types. These cell fate changes are 
consistent with either an increase in Notch signaling (R7 photoreceptor specification) or a 
decrease in Notch signaling (cone cell specification), depending on the developmental 
context assessed.  
 
2. A screen for suppressors and enhancers of a Delta-dependent rough eye phenotype  
I took part in the primary screen via collaborative involvement in assaying the 
effect on the GMR>DeltaWT/+ rough eye phenotype of each of 10,447 transposon 
insertions from the Exelixis stock collection (THIBAULT et al. 2004). Males carrying 
autosomal or viable X-linked insertions were crossed to virgin females with the 
GMR>DeltaWT genotype, and the F1 progeny were scored for changes in the rough eye 
phenotype. Modifying transposons were categorized as enhancers or suppressors of weak, 
moderate, or strong intensity. Modifiers classified as “suppressors” yielded larger eyes 
with a more hexagonal appearance to the ommatidial array (see Figure 2.4B for an 
example of a suppressor), while modifiers classified as “enhancers” yielded a smaller, 
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flatter eye with a “shinier” or “smoother” surface and/or loss of pigmentation (see Figure 
2.4C for an example of an enhancer), when compared to GMR>DeltaWT/+. A total of 
798 transposons modified the GMR>DeltaWT/+ phenotype in our primary screen. 
Among these primary hits, 66% of the modifiers were UAS-containing XP transposons, 
although XPs only make up 21% of the transposons we screened (Table 2.1). The 
prevalence of XPs recovered suggests that the GMR>DeltaWT/+ phenotype is more 
easily modified by overexpression/anti-sensing effects on neighboring genes via one of 
the UAS elements present in the XP transposon than by simple insertion of transposons 
that lack UAS elements, which are more likely to disrupt genes by creating hypomorphic 
and/or null insertion alleles. Of the 798 modifying transposons, we chose to further 
analyze 284 transposons, most of which were classified as strong or moderate modifiers. 
Among these primary hits, 260 transposons passed retesting against GMR>DeltaWT/+, 
which yields a 91% confirmation rate. All 260 transposons were subsequently crossed to 
GMR-Gal4 in a negative secondary test (see below). 
 
3. Negative secondary test: confirmed modifiers from the primary screen were crossed to 
GMR-Gal4 to eliminate Delta-independent modifiers 
Confirmed modifiers were subsequently crossed to flies carrying a specific GMR-
Gal4 transgene to perform a negative secondary test (FREEMAN 1996). This GMR-Gal4 
transgene yields a rough eye phenotype [data not shown, (KRAMER and STAVELEY 2003)] 
that is slightly different in nature than the GMR>DeltaWT/+ phenotype; therefore, this 
cross was used to identify and eliminate Delta-independent modifiers of GMR-Gal4/+. 
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F1 progeny from this cross were scored for modification of the GMR-Gal4/+ eye 
phenotype. Transposon lines that modified GMR-Gal4/+ in a fashion similar to 
GMR>DeltaWT/+ (e.g., a modifier that suppressed both eye phenotypes, or enhanced 
both eye phenotypes) were categorized as low priority and were not considered for 
further analysis. However, transposon lines that did not modify GMR-Gal4/+ or modified 
it in a different fashion (e.g., a modifier that suppressed GMR>DeltaWT/+, but enhanced 
GMR-Gal4/+) passed the negative secondary test and were used in downstream 
secondary analysis. This resulted in 170 “confirmed” modifiers including 92 suppressors, 
62 enhancers, nine enhancers/suppressors (which show aspects of enhancement and 
suppression) and seven modifiers that were lethal in combination with GMR>DeltaWT/+ 
(see Table 2.2). 
 
4. Secondary interaction tests: assaying for Delta-dependent phenotypes in the wing 
Notch signaling is required during the development of wing imaginal discs, in 
particular, for the formation of the wing veins (Figure 2.5A, arrow) and the wing margin 
(Figure 2.5A, arrowhead) (see Chapter I-Introduction for more information on Notch 
signaling and wing development). We created two sensitized backgrounds in these two 
developmental contexts to assess the ability of the 170 modifiers from the primary screen 
to modify Delta-associated phenotypes in a context other than the eye. Using the 
Gal4/UAS system, we overexpressed a dominant-negative form of Delta that lacks the 
entire intracellular domain (Delta∆ICD, HUPPERT et al. 1997) under the control of either 
of two drivers, 34B-Gal4 [drives expression in the wing intervein, (INGHAM and FIETZ 
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1995)] and C96-Gal4 [drives expression in the wing margin, (GUSTAFSON and 
BOULIANNE 1996)]. The 34B-Gal4 UAS-Delta∆ICD/+ (34B>Delta∆ICD) genotype 
results in the development of thickened wing veins (Figure 2.5B, arrow), and the C96-
Gal4/+;UAS-Delta∆ICD/+ (C96>Delta∆ICD) genotype leads to the formation of wing 
margin incisions (Figure 2.5E, arrowhead). Both phenotypes reflect reduced Notch 
signaling. 
 
All 170 confirmed modifiers were crossed to 34B>Delta∆ICD and 
C96>Delta∆ICD to assess their abilities to modify these two Notch signaling loss-of-
function phenotypes in the wing. Those that modify one or both secondary tests would be 
considered high priority for further analysis, while those that do not modify either of the 
secondary test phenotypes would be considered low priority. Out of the 170 modifiers, 
18% modified the 34B>Delta∆ICD wing vein phenotype, 20 enhanced and 11 
suppressed it (see Figure 2.5C and D for examples); while 34% modified the 
C96>Delta∆ICD wing notching phenotype, 35 enhanced and 26 suppressed it (see Figure 
2.5F and G for examples). Please see Table 2.5 for results of all 170 modifiers in the 
primary and secondary screens. 
 
5. Transposon annotation using FlyBase: 170 confirmed modifiers have potential effects 
on 274 genes 
In order to understand the functional relevance of the recovered modifiers, we 
sorted genes potentially affected by modifying transposons into seven functional 
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categories (cell-cell communication, cytoskeletal/trafficking, cell metabolism, protein 
metabolism, lipid metabolism, transport, and gene regulation). Our criteria for identifying 
affected genes varied by transposon type. All high priority modifiers were annotated by 
aligning the relevant transposon-flanking sequence (THIBAULT et al. 2004) against the 
Drosophila melanogaster genome (FB2007_03 Dmel Release 5.4) using the FlyBase 
BLAST website (flybase.bio.indiana.edu/blast). A 10 kb genome browser snapshot was 
taken, and transposon-specific criteria were used to assess which genes were potentially 
affected by a given transposon insertion. A gene was considered potentially disrupted if 
the transposon is inserted within the transcription unit or within 2 kb of the 5’ end or 1 kb 
of the 3’ end of the transcription unit. In addition, for UAS-containing transposons (XP 
and WH), a gene was considered a potential target for UAS-directed expression if it is 
within 5 kb of the transposon insertion site (and “downstream” of the UAS), unless there 
is a potential RNA polymerase II transcription stop site between the UAS and the gene in 
question. Genes identified as possible modifiers were placed into functional categories 
using previously published data when available, and/or FlyBase (FB2007_03 Dmel 
Release 5.4) Gene Ontology (GO) terms. 
 
Based on these criteria, 154 modifying transposons had potential effects on 274 
genes (196 genes with known or putative function, and 79 genes of unknown function) 
and 16 transposons resided in regions with no nearby annotated genes. Although most of 
the transposon insertion sites are accurate (KANKEL et al. 2007), molecular 
characterization of each modifying transposon would be required to positively confirm 
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their assigned insertional positions. The distribution among functional categories of 
gene(s) potentially affected by these modifying transposons is summarized in Table 2.6. 
 
6. A closer look at ten modifiers: Cone cell analysis of 10 modifiers in the 
GMR>DeltaWT/+ background  
As mentioned above, immunohistochemical analysis of 24 hr APF 
GMR>DeltaWT/+ retinas reveals a decrease in the number of cone cells per 
ommatidium, suggesting that overexpression of DeltaWT in the developing retina leads 
to reduced Notch signaling during cone cell specification. In order to understand the 
cellular effects suppressors and enhancers have on cone cell specification, we chose ten 
modifiers for cone cell analysis. The ten modifiers were selected based on two criteria. 
First, I considered all completed genetic interaction tests, and chose those that modified 
two or more genetic tests in a co-directional manner (e.g., enhancers/suppressors of two 
Delta loss-of-function phenotypes). Second, I chose among the modifiers selected using 
the first criterion by eliminating transposons that appeared to have an effect on more than 
one gene and choosing those transposon insertion lines that appear to be positioned 
within the transcription unit of the affected gene. In these cases, the effect of the 
transposon on gene expression can be predicted (e.g., a transposon insertion is positioned 
so that it is overexpressing/anti-sensing the entire open reading frame of the affected 
gene). The ten modifiers so selected are summarized in Table 2.4.  
 
a. Cone cell analysis of six enhancers of the GMR>DeltaWT/+ rough eye phenotype  
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We chose six modifiers [P{XP}d00747, P{XP}d03175, P{XP}d03295, 
P{XP}d10593, P{XP}d07658, P{XP}d04706] that enhanced the GMR>DeltaWT/+ rough 
eye phenotype to varying degrees (Figure 2.6A-D, F, G) and analyzed the effects they 
had on cone cell specification (Figure 2.6A’-D’, F’, G’) in a GMR>DeltaWT/+ 
background. For cone cell analysis, an average of 300 ommatidia were counted from 
approximately 15 individual retinas for each genotype. To assess statistically significant 
differences (p<0.005), the Student’s t-Test was used (two tail distribution and two sample 
unequal variance, Microsoft Excel 2004) to compare the number of cone cells per 
ommatidium between each genotype and GMR>DeltaWT/+. The average number of cone 
cells per ommatidium, and the results of the Student’s t-Test are summarized in Figure 
2.6E and G. 
 
Our results show that two (P{XP}d00747 and P{XP}d04706) (Figure 2.6A, A’ 
and G, G’, respectively) out of six enhancers do not significantly affect cone cell 
specification as compared to GMR>DeltaWT/+. Among the remaining four enhancers, 
three induce a statistically significant (p<0.005) decrease in cone cells per ommatidium 
(P{XP}d03175, P{XP}d10593 and P{XP}d07658) (Figure 2.6B, B’; D, D’ and F, F’, 
respectively), as compared to GMR>DeltaWT/+. Surprisingly, one enhancer induces a 
statistically significant (p<0.005) increase in cone cells per ommatidium (P{XP}d03295) 
(Figure 2.6C, C’), even though the modified eye is notably smaller than the 
GMR>DeltaWT /+ eye, lacks pigmentation and contains necrotic tissue. The four 
transposon insertions that caused statistically significant changes in number of cone cells 
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affect tribbles, taiman, Hr38 and CG9650, respectively. Annotation of these genes 
according to previous characterization or GO annotations in Flybase show that they are 
involved in processes including cell metabolism, gene regulation, and cell-cell 
communication (see Discussion for further analysis of possible functions with respect to 
Notch signaling). Further characterization of these genes will be necessary to confirm 
their roles during Notch signaling. 
 
b. Cone cell analysis of four suppressors of the GMR>DeltaWT/+ rough eye phenotype  
We chose four transposons [P{XP}d04859, P{XP}d11183, P{WH}f00286 and 
P{XP}f00392] (Figure 2.7A-D and A’-D’, respectively) that suppressed the 
GMR>DeltaWT/+ rough eye phenotype and assessed their effects on cone cell 
specification in the GMR>DeltaWT/+ background. Two [P{XP}d04859 and 
P{WH}f00286] (Figure 2.4A, A’ and C, C’) among the four suppressors yield a 
significant (p<0.005) increase in cone cells per ommatidium, compared to 
GMR>DeltaWT/+. Interestingly, even though P{XP}d11183 is a clear suppressor of the 
adult rough eye phenotype (Figure 2.7B), the average number of cone cells per 
ommatidium is 3.28 in suppressed eyes, which is slightly lower yet not significantly 
different from 3.33, the average number of cone cells per ommatidium in 
GMR>DeltaWT/+ eyes. We found no significant decreases in the number of cone cells 
per ommatidium among the four suppressors we analyzed. A wide-scale assessment of 
the effect of each modifier on cone cell number would be necessary to determine whether 
an unexpected enhancement of the cone cell phenotype occurs among any of the 
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suppressors we have isolated. The two transposon insertions that caused a statistically 
significant change in the number of cone cells have potential effects on the trafficking 
gene Vha68-2, and the unknown gene CG32580, which we have assigned to the category 
of cytoskeletal function and subcellular trafficking (see Discussion for further analysis of 
possible functions with respect to Notch signaling). Further characterization of these 
genes will be necessary to confirm a role for each gene during Notch signaling. 
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C. DISCUSSION 
1. A screen for genes affecting Notch-mediated development 
Drosophila has played a leading role in the discovery of genes and mechanisms 
implicated in developmental processes mediated by or associated with the Notch 
signaling pathway. I took part in a comprehensive transposon-based screen for loss-of-
function and gain-of-function genotypes that affect metamorphic development in a 
genetic background sensitized for Delta-dependent cell fate changes. Since the Exelixis 
collection consists of both UAS-containing and non-UAS containing transposons, the 
screen has the potential of identifying genes that are related to Notch-mediated 
development when either mutated or overexpressed. The rough eye phenotype caused by 
Delta overexpression results from a sensitized genetic background that can be easily 
assessed for modification, and is suitable for the identification of both enhancer and 
suppressor mutations. Indeed, we recovered previously known members of the Notch 
pathway, such as numb and kuzbanian, as well as known and largely uncharacterized 
genes that have not been previously linked to Notch signaling. In summary, the screen 
has identified an extensive collection of transposon insertions that modify specific Notch-
mediated phenotypes, and that have the potential to facilitate future efforts to understand 
in greater depth genetic and molecular mechanisms underlying Notch-mediated 
development.  
 
The entire Exelixis transposon collection has been used in one other screen, by 
Kankel et al. (2007), in a search for modifiers of a Notch loss-of-function signaling 
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phenotype in the wing margin induced by C96-Gal4-driven expression of a dominant-
negative Mastermind protein. If we had screened all 15,500 lines from the collection, we 
would predict a hit rate of 6.8%, which is comparable to the hit rate of 3.94% obtained by 
Kankel et al. (2007). Among the 170 modifiers we identified, 29 lines were also 
recovered by Kankel et al. (2007) and 141 lines were recovered only in our screen (Table 
2.5 and Table 2.6). Among the putative genes recovered in both screens are several 
known Notch pathway members and genes that have been recovered previously from 
Notch-focused screens (e.g., numb, wingless, puckered and Ras85D). In addition, several 
genes that had not been implicated previously in Notch signaling were identified in both 
screens, supporting roles for their encoded products during Notch-mediated development. 
These genes include peanut (a septin), Oatp30B (an ion channel), Indy (a transporter), 
and Hr38 (a hormone receptor). Among the remaining 141 modifiers, of potentially 
greater interest are 11 transposon lines (P{PB}c01192, P{PB}c04320, P{PB}c06362, 
P{XP}d00006, P{XP}d00738, P{XP}d01680, P{XP}d02599, P{XP}d03329, 
P{XP}d06199, P{XP}d11183, P{WH}f04748) that modified phenotypes in both of our 
secondary tests. Genes potentially disrupted by these 11 transposons include karst (β-
Heavy-spectrin), bifocal (a cytoskeletal regulator), diaphanous (an actin-binding protein), 
and caudal (a transcriptional regulator). Further characterization of these genes, as well 
as other genes identified in our screen, would help provide a deeper understanding of 
mechanisms that govern the Notch signaling pathway. 
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2. The screen identified numerous genes, with a variety of functions, that may be 
involved in Notch signaling  
a. Candidate modifiers implicated in cytoskeletal function and subcellular trafficking 
A set of 20 transposons affecting genes that are likely to play roles in cytoskeletal 
regulation and/or intracellular trafficking were identified in our screen. Ligand and 
receptor endocytosis, NotchECD trans-endocytosis, and intracellular trafficking are core 
regulatory processes in the activation and regulation of Notch signaling (see Chapter I-
Introduction). Genes identified in this class include those encoding myosin-
related/interacting proteins (jaguar/Myosin VI, myosin heavy chain, and myosin binding 
subunit) and actin-binding proteins (fimbrin, formin3, and diaphanous, which is a 
formin). Other such genes include peanut (a septin), short stop (a cytoskeletal protein), 
Cysteine string protein (a putative chaperone), and karst (β-Heavy-spectrin). The coding 
region of karst is disrupted by the transposon P{XP}d11183. karst, also known as β-
Heavy-spectrin, was initially characterized as a gene essential for proper eye 
development, specifically for the specification of the R7 photoreceptor (THOMAS et al. 
1998). In 2006, Philips and Thomas reported that karst mutants exclusively inhibit the 
function of the Rab5 early endosomal compartment (PHILLIPS and THOMAS 2006). 
Through genetic analyses, the authors infer a role for Karst downstream of Dynamin and 
upstream of Rab5, suggesting it plays a role in the sorting of endocytic vesicles into early 
endosomes. While P{XP}d11183 suppresses the overall GMR>DeltaWT/+ adult eye 
phenotype, it has no significant effect on altered cone cell specification in the 
GMR>DeltaWT/+ eye (Figure 2.7C, C’ and E).  Therefore, I speculate that disruption of 
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karst expression by P{XP}d11183 may result in aberrations in Delta trafficking and 
Notch signaling essential for other aspects of Notch signaling during eye development.  
 
The genes CG32580 and Vha68-2, which are disrupted by P{WH}f00286 and 
P{XP}d04859, respectively, were also identified in our screen. P{WH}f00286 lies in the 
second intron of CG32580, overexpressing the remainder of the gene. This modifier was 
recovered as a suppressor in the primary screen, and it also suppresses the thick wing 
vein phenotype of 34B>Delta∆ICD. Analysis of the cone cells in the developing eye disc 
shows a significant (p<0.005) suppression of the GMR>DeltaWT/+ phenotype, reflected 
by an increase in number of ommatidia possessing four cone cells each, with an average 
value of 3.84 cone cells per ommatidium (Figure 1). CG32580 is an uncharacterized 
protein with sequence similarity to Rab GTPases (Flybase, Version, FB2009_01), and it  
may be required for intracellular trafficking processes essential for Notch signaling 
and/or other signaling pathways, as well.   
 
Vha68-2 encodes a subunit of the v-ATPase proton pump complex, which 
functions in vesicle trafficking, membrane fusion and acidification of organelles (Dow 
1999). Interestingly, P{XP}d04859, which overexpresses Vha68-2, suppresses the 
GMR>DeltaWT/+ adult rough eye phenotype (Figure 2.7A), the cone cell phenotype 
(average number of cone cells was 3.5/ommatidium, p<0.005) (Fig. 2.7A’), and the 
C96>Delta∆ICD wing margin notching phenotype (data not shown) suggesting that 
overexpression of Vha68-2 may increase net Notch pathway activity in more than one 
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context. Vha68-2 could play important roles during Notch signaling; for instance, it may 
be required to maintain the pH necessary for Notch proteolytic processing, dissociation of 
internalized Delta/NotchECD complexes and/or proper intracellular trafficking of Notch 
and Delta proteins. 
 
b. Candidate modifiers implicated in gene regulation 
Our largest group of modifiers (excluding those affecting unknown genes) fall 
into the gene expression and transcriptional regulation category. This group contains 62 
independent transposon insertions that affect genes including pipsqueak, longitudinals 
lacking (lola), lilliputian, split ends (spen), tramtrack, TATA binding protein and 
Suppressor of Triplolethal. Many of these genes are known to have roles during eye 
development (NEUFELD et al. 1998; VOAS and REBAY 2004; WITTWER et al. 2001). 
Some, like lola and spen, have been implicated previously in Notch signaling and are 
thought to antagonize the Notch pathway (DOROQUEZ et al. 2007; FERRES-MARCO et al. 
2006). Others, such as lilliputian and tramtrack, are known to have interactions with 
other pathways, such as the Ras and ecdysteroid pathways, that are known to influence 
Notch signaling (see above) (HASSON and PAROUSH 2006; SUNDARAM 2005). We also 
identified genes encoding many largely uncharacterized proteins including CG9650, a Zn 
finger-containing putative transcription factor that has been implicated in axon guidance 
in the embryo (MCGOVERN et al. 2003). The modifying transposon P{XP}d03295 
overexpresses the entire protein and enhances the GMR>DeltaWT/+ eye, resulting in an 
eye devoid of pigment and containing necrotic regions, indicative of cell death. In 
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contrast, analysis of cone cell development reveals that P{XP}d03295 significantly 
(p<0.005) increases the number of cone cells per ommatidium in the GMR>DeltaWT/+ 
background (average number of cone cells per ommatidium is 3.87 compared to 3.33 in 
GMR>DeltaWT) (data not shown). This increase of cone cell number suggests that 
overexpression of CG9650 increases net Notch signaling during cone cell specification. 
The resulting necrotic eye, however, implies that CG9650 has additional roles during 
Drosophila eye development and/or in cell viability.   
 
c. Candidate modifiers implicated in cell-cell communication 
The 29 transposon insertions associated with cell-cell communication proteins 
include known Notch pathway members [e.g., Numb and Kuzbanian; (BRAY 2006)], as 
well as genes that have been recovered previously from Notch-based screens such as 
patched, Ras85D and puckered (MAHONEY et al. 2006; MULLER et al. 2005; ROTTGEN et 
al. 1998). We also identified genes encoding a number of cell-cell communication 
proteins not previously implicated in Notch signaling, such as the phosphatase 
Gilgamesh, the two immunoglobulin superfamily members Fasciclin 2 and ImpL2, and 
the two hormone-receptor like genes Hr38 and Hr39. Overexpression of Hr38 by 
P{XP}d10593 enhances the GMR>DeltaWT/+ adult phenotype (Figure 1D), and the cone 
cell phenotype (Figure 1D’) (average of 2.89 cone cells/ommatidium, p<0.005). 
Overexpression of Hr38 also enhances the wing notching phenotype of C96>Delta∆ICD 
(Figure 2F) and is lethal in combination with 34B>Delta∆ICD. These data suggest that 
overexpression of Hr38 reduces net Notch signaling in each of these contexts. Hr38 has 
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been shown to mediate an ecdysteroid signaling pathway that is distinct from that 
involving the classical ecdysone receptor (EcR) (BAKER et al. 2003). Ecdysteroids are 
hormones found only in arthropods that induce signals required for postembryonic 
development (KOZLOVA and THUMMEL 2000). The recovery of Hr38 as a Notch 
antagonist from our screen is not surprising considering that Notch signaling and EcR-
mediated ecdysone signaling have recently been shown to act antagonistically in 
oogenesis during the switch from endoreplication (whole genome amplification without 
nuclear division) to amplification (amplification of specific genes only, without nuclear 
division) (SUN et al. 2008). These results, considered in light of the emergence of Hr38 
and Hr39 from our screen, suggest that multiple hormones and hormone receptors may 
work along with Notch signaling to specify cell fates in a variety of developmental 
contexts.  
 
d. Candidate modifiers implicated in protein and lipid metabolism, and cell metabolism 
and transport 
This class of modifiers contains 80 independent transposon insertions, which can 
be divided into two subclasses of modifiers: genes implicated in protein and lipid 
metabolism (41 insertions), and genes implicated in cell metabolism and transport (50 
insertions). The reason the sum of both subcategories is greater than the overall number 
of insertions in both classes is because some transposons are counted twice, since some 
transposons could be affecting more than one gene (see above for description of XP 
transposons). P{XP}d03175, which potentially overexpresses the gene tribbles, enhances 
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the rough eye phenotype of GMR>DeltaWT/+, as well as the wing marging notching 
phenotype of C96>DeltaDN (data not shown). Two other transposons that potentially 
overexpress tribbles, P{XP}d10673 and P{XP}d01278, were identified as enhancers in 
the primary screen, as well (data not shown). Two groups have previously demonstrated 
the function of Tribbles in cell division. In 2000, Seher and Leptin showed that Tribbles 
is necessary for the mitotic block during Drosophila gastrulation by antagonizing the 
activity of Cdc25/String, a complex required for cell cycle progression (SEHER and 
LEPTIN 2000). In the same year, Mata et al. demonstrated the importance of Tribble levels 
for determining the number of germ cell divisions during Drosophila oogenesis (MATA et 
al. 2000). Modifiers affecting tribble expression have emerged from previous screens for 
functions involved in cytokinesis, cell size and cell cycle progression in Drosophila 
tissue and Drosophila cultured S2 cells (GREGORY et al. 2007), as well as Hairless and 
Notch modifier screens (ABDELILAH-SEYFRIED et al. 2001; MULLER et al. 2005). We 
tested the effects of overexpression of tribbles on the number of cone cells per 
ommatidium in 24 hr APF eye imaginal discs using anti-Cut antibody as a marker for 
cone cells (Figure 2.6B’). We found an increase in the number of ommatidia possessing 
only two cone cells and a decrease in number of ommatidia possessing three and four 
cone cells. Compared to GMR>DeltaWT/+, this difference is significant (p<0.005) and 
shows that ectopic overexpression of tribbles exacerbates the GMR>DeltaWT/+ adult 
eye and cone cell phenotypes, implying that tribbles may antagonize Notch signaling in 
this context. 
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e. Insertions that may affect genes without assigned functions or that reside in gene-
deficient regions 
A subset of modifying transposons were associated with 92 genes of unknown 
function that may play roles in Delta-Notch signaling. Elucidation of the biological roles 
of these genes could provide additional insights into Delta-Notch signal transduction and 
development of the Drosophila eye. A set of 16 modifying insertions reside in locations 
for which no annotated gene has been identified (termed “no man’s land”) within 10 kb 
to the left or to the right of the insertion site. These transposons appear to reside in gene-
deficient regions. Nonetheless, these insertions appear to modify the GMR>DeltaWT/+ 
eye phenotype; so it would be intriguing to study the regions flanking these insertion 
sites, to evaluate whether or not they affect previously unidentified ORFs or regulatory 
sequences (e.g., enhancers) that affect expression of proteins involved in Delta-Notch 
signaling during Drosophila eye development. 
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Figure 2.1. Adult eyes. (A) A wildtype eye possesses an organized array of ommatidia.  
(B) A GMR>DeltaWT/+ eye is small, glossy, and rough, with disorganized ommatidia. 
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Figure 2.1. Overexpression of DeltaWT in the developing eye causes a rough-eyed adult 
phenotype 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
Wildtype GMR>DeltaWT 
A B 
 50 
 
Figure 2.2. Third larval instar eye imaginal discs stained with anti-β-galactosidase 
antibody to detect R7 cells (XA12-positive cells,). (A) The XA12 lacZ reporter reveals a 
single R7 cell per wild type ommatidium (β-galactosidase is nuclear, arrowhead points to 
an example). (B) A GMR>DeltaWT/+; XA12/+ eye disc contains multiple R7 cells per 
ommatidium (arrowhead points to an example) indicating that overexpression of Delta 
results in excess R7 cells and suggesting that Notch signaling is increased in this context. 
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Figure 2.2. Overexpression of DeltaWT in the developing eye causes an increase in the 
number of R7 photoreceptor cells per ommatidium 
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Figure 2.3. Retinas aged at 24 hr APF stained with anti-Cut antibody to detect cone cells 
(green). The circle surrounds a single ommatidium in each retina.  
(A) A wildtype retina possesses an organized array of ommatidia, with an invariant 
number of four cone cells per ommatidium. (B) A GMR>DeltaWT/+ retina yields a 
disorganized array of ommatidia, and a decrease in number of cone cells per 
ommatidium, with an average of 3.33 cone cells per ommatidium, p<0.005 compared to 
wildtype.  
 53 
 
Figure 2.3. Overexpression of DeltaWT in the eye causes a decrease in the number of 
cone cells per ommatidium 
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Figure 2.4. Adult eyes. (A) A GMR>DeltaWT/+ eye is small, glossy, and rough, with 
disorganized ommatidia. (B) A P{XP}d04859/GMR>DeltaWT eye provides an example 
of a suppressed phenotype from the screen; P{XP}d04859 mediates overexpression of 
Vha68-2. Adults have a larger, less glossy eye. (C) A P{XP}d10593/GMR>DeltaWT eye 
provides an example of an enhanced phenotype from the screen; P{XP}d10593 mediates 
overexpression of Hr38. Adults have a smaller eye with loss of pigmentation and more 
disorganized ommatidia. 
 55 
 
Figure 2.4. Examples of a suppressor and an enhancer from the primary screen 
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Figure 2.5. Secondary tests for confirmed modifiers from the primary screen.  
(A-G) Adult wings. Arrows point to a wing vein and open arrowheads point to the wing 
margin. (A) A wildtype wing. (B) The 34B-Gal4 UAS-Delta∆ICD/+ (34B>Delta∆ICD) 
genotype yields thickened wing veins (arrow), consistent with reduced Notch signaling. 
(C) The 34B>Delta∆ICD/+;P{XP}d11183/+ genotype yields an enhanced 
34B>Delta∆ICD wing vein thickening phenotype. P{XP}d11183 disrupts karst. (D) The 
P{XP}d03329/+;34B>Delta∆ICD/+ genotype yields a suppressed 34B>Delta∆ICD wing 
vein thickening phenotype. P{XP}d03329 mediates overexpression of Amun and 
CG1837. (E) The UAS-Delta∆ICD/+;C96-Gal4/+ (C96>Delta∆ICD) genotype yields 
notches along the wing margin (arrowhead), typical of reduced Notch signaling. (F) The 
P{XP}d10593/UAS-Delta∆ICD;C96-Gal4/+ genotype yields an enhanced 
C96>Delta∆ICD wing notching phenotype. P{XP}d10593 mediates overexpression of 
Hr38. (G) The UAS-Delta∆ICD/+;C96-Gal4/P{XP}d07162 genotype yields a suppressed 
C96>Delta∆ICD wing notching phenotype. P{XP}d07162 disrupts Cysteine string 
protein. 
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Figure 2.5. Secondary tests for confirmed modifiers from the primary screen 
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Figure 2.6. Six enhancers from the transposon screen and analysis of their effects on the 
cone cell phenotype of GMR>DeltaWT/+. (A-F) Adult eyes. (A’-F’) 24 hr APF retinas 
stained with anti-Cut antibody for cone cell detection (green). (A, A’) A 
P{XP}d00747/GMR>DeltaWT eye. P{XP}d00747 mediates overexpression of short stop. 
Adults have a smaller, more glossy eye (A) with an average of 3.38 cone cells per 
ommatidium (A’). (B, B’) A GMR>DeltaWT/+;P{XP}d03175/+ eye. P{XP}d03175 
mediates overexpression of tribbles. Adults have a smaller, more glossy eye (B), more 
disorganized ommatidia and a decreased average of 3.07 cone cells per ommatidium, 
p<0.005 compared with GMR>DeltaWT/+ (B’). (C, C’) A 
P{XP}d03295/+;GMR>DeltaWT/+ eye. P{XP}d03295 disrupts expression of CG9650. 
Adult eyes are smaller, devoid of pigment and contain necrotic regions (C), and an 
increased average of 3.87 of cone cells per ommatidium, surprisingly, a significant 
increase (p<0.005) compared with GMR>DeltaWT/+ (C’). (D, D’) A 
P{XP}d10593/GMR>DeltaWT eye. P{XP}d10593 mediates overexpression of Hr38. 
Adults have a smaller eye with loss of pigmentation and more disorganized ommatidia 
(D) and a reduced average of 2.89 cone cells per ommatidium, p<0.005 compared with 
GMR>DeltaWT/+ (D’). (E) A summary of data associated with each transposon: the 
gene it is potentially disrupting, the assigned functional class of the gene, the average 
number of cone cells per ommatidium, and whether or not the number of cone cells per 
ommatidium differs significantly from that for GMR>DeltaWT/+ eyes. “yes” denotes a 
statistically significant difference, and “no” denotes the lack of a statistically significant 
difference. (F, F’) A P{XP}d07658/GMR>DeltaWT eye. P{XP}d07658 disrupts 
 59 
 
expression of taiman. Adults have smaller, darker eyes (F) and a reduced average of 2.88 
cone cells per ommatidium, p<0.005 compared with GMR>DeltaWT/+ (F’). (G, G’) A 
P{XP}d04706/GMR>DeltaWT eye. P{XP}d04706 lies in a region with no annotated open 
reading frames. Adult eyes have a smoother, glossier surface (G) with an average of 3.28 
cone cells per ommatidium (G’). (H) same as (E). 
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Figure 2.6. Six enhancers from the transposon screen and analysis of their effects on the 
cone cell phenotype of GMR>DeltaWT/+ 
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Figure 2.7. Four suppressors from the transposon screen and analysis of their effects on 
the cone cell phenotype of GMR>DeltaWT/+. (A-D) Adult eyes. (A’-D’) 24 hr APF 
retinas stained with anti-Cut antibody for cone cell detection (green). (A, A’) A 
P{XP}d04859/GMR>DeltaWT eye. P{XP}d04859 mediates overexpression of Vha68-2. 
Adults have a larger, less glossy eye (A) with an increased average of 3.5 cone cells per 
ommatidium, p<0.005 compared with GMR>DeltaWT (A’). (B, B’) A 
GMR>DeltaWT/+;P{XP}d11183/+ eye. P{XP}d11183 disrupts expression of karst. 
Adults have a larger, less glossy eye (B) with an average of 3.28 cone cells per 
ommatidium (B’). (C, C’) A P{WH}f00286/+;GMR>DeltaWT/+ eye. P{WH}f00286 
mediates overexpression of CG32580. Adult eyes are mildly suppressed (C) compared to 
GMR>DeltaWT (Fig. 2.1A) with an increased average of 3.82 cone cells per 
ommatidium, p<0.005 compared with GMR>DeltaWT (C’). (D, D’) A 
P{WH}f00392/GMR>DeltaWT eye. P{WH}f00392 disrupts expression of split ends. 
Adult eyes are mildly suppressed (D) compared to GMR>DeltaWT (Fig. 2.1A) with an 
average of 3.39 cone cells per ommatidium (D’). (E) A summary of data associated with 
each transposon: the gene it is potentially disrupting, the assigned functional class of the 
gene, the average number of cone cells per ommatidium, and whether or not the number 
of cone cells per ommatidium differs significantly from that for GMR>DeltaWT/+ eyes. 
“yes” denotes a statistically significant difference, and “no” denotes the lack of a 
statistically significant difference.  
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Figure 2.7. Four suppressors from the transposon screen and analysis of their effects on 
the cone cell phenotype of GMR>DeltaWT/+ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Functional class Cytoskeletal/ trafficking 
Cytoskeletal/    
trafficking 
Cytoskeletal/ 
trafficking 
Cell-cell 
communication 
Gene name Vha68-2 karst CG32580 spen 
Transposon 
number P{XP}d04859 P{XP}d11183 P{WH}f00286 P{WH}f00392 
Avg # cone cells/ 
ommatidium 3.5 3.28 3.83 3.39 
T Test  p = 0.00424 p = 0.4006 p = 6.428E-13 p = 0.461 
SEM 0.038 0.0406 0.0549 0.044 
GMR>DeltaWT, 
P{XP}d04859 
GMR>DeltaWT, 
P{XP}d11183 
GMR>DeltaWT, 
P{WH}f00286 
GMR>DeltaWT, 
P{WH}f00392 
A 
A’ 
D C B 
C’ B’ D’ 
E 
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Table 2.1. The Exelixis collection consists of four types of transposons (XP, PB, RB, 
WH). We screened a total of 10,447 transposons for modification of the rough eye 
phenotype caused by GMR-Gal4-driven wildtype Delta overexpression. In our primary 
screen, a total of 798 transposons modified the rough eye phenotype. Among these 
transposons, 66.5% of modifiers are XPs, which contain two UAS elements; 15.3% of 
modifiers are WHs, which contain one UAS element; and 18% are non-UAS containing 
transposons, PB and RB. 
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Table 2.1. Summary of the transposon collection and primary screen results 
 
 
 
Transposon 
type 
Total in 
collection 
Total 
screened 
Not 
screened 
Total 
modifiers 
No 
modification 
PB 3548 2421 1127 94 2327 
RB 3288 2228 1060 51 2177 
WH 5637 3632 2005 122 3510 
XP 3715 2166 1549 531 1635 
 
16,188 10,447 5,741 798 9,649 
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Table 2.2. A total of 10,447 transposons were screened, and 284 of the 798 primary hits 
were retested against GMR>DeltaWT/+. Of these, 260 passed retesting and were 
subsequently crossed to GMR-Gal4 (negative secondary test). A final set of 170 lines 
passed the negative secondary test. Abbreviations: Enh: Enhancers; Sup: Suppressors; 
Enh/sup: Enhancers/suppressors, which yield phenotypic characteristics associated with 
enhancement and suppression.
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Table 2.2. Screen statistics of 170 confirmed modifying transposons  
 
 
Transposon 
type 
Total in 
collection 
Total 
screened 
 Passed 
retest and 
negative 2° 
test a 
Enh Sup Lethal Enh/        
sup 
PB 3548 2421 7 2 4 1 0 
RB 3288 2228 3 0 3 0 0 
WH 5637 3632 8 0 7 0 1 
XP 3715 2166 152 60 77 6 8 
        
Total 16188 10447 170 62 92 7 9 
          a
 284 of 798 primary hits were retested
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Table 2.3. Members of a set of 274 candidate genes predicted to be affected by the 170 
modifying transposons were placed within seven functional categories, or classified as 
unknown. 
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Table 2.3. Functional classification of 274 candidate genes potentially disrupted by 170 
GMR>DeltaWT/+-modifying transposons 
 
 
 
Functional category Total # 
of genes 
Cell-cell communication 25 
Cell metabolism 40 
Cytoskeletal/trafficking 20 
Gene Regulation 62 
Lipid metabolism 7 
Novel/unable to assign 79 
No identified CG in region 16 
Protein metabolism 27 
Transporters 14 
    
Total genes 274 
 
 
 
 70 
 
Table 2.4. Ten modifiers from the screen were selected for further analysis. These were 
chosen based on genetic interaction tests and annotation. Abbreviations: Stock ID, 
insertion stock number denoted by Exelixis; Chr, chromosome within which the insertion 
is located; CG number, the number assigned to the open reading frame during annotation 
of the Drosophila genome. E, enhancer; S, suppressor; W, weak, M, moderate; S, strong; 
and NO MOD, no apparent modification of the phenotype was observed.
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Stock ID Chr GMR>DeltaWT  C96>Delta∆ICD 34B>Delta∆ICD Gene name CG 
number 
Functional 
class 
d00747 2R ME NO MOD E short stop CG18076 
Cytoskeletal/        
trafficking 
d03175 3L ME SE NO MOD tribbles CG5408 Cell metabolism 
d03295 X SE SE NO MOD   CG9650 Gene regulation 
d04859 2L WS MS NO MOD  Vha68-2 CG3762 
Cytoskeletal/        
trafficking 
d10593 2L SE E LETHAL 
Hormone 
receptor-like 
in 38 CG1864 
Cell-cell 
communication 
d11183 3L MS WS E karst CG12008 
Cytoskeletal/        
trafficking 
d07658 2L ME S NO MOD taiman CG13109 Gene regulation 
f00286 X WS NO MOD S   CG32580 Unknown 
d04706 2R ME NO MOD E  
no man's 
land 
 
None  None 
f00392 2L MS NO MOD S split ends CG18497 Gene regulation 
Table 2.4. Top ten modifiers from the transposon screen  
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Table 2.5. The set of 170 transposon-bearing lines with confirmed modifications of the 
GMR>DeltaWT/+ rough eye phenotype and results of downstream secondary analysis. 
Descriptions of abbreviations are summarized below. 
Abbreviation Definition 
LETHAL No critical class observed 
M/WS Moderate/Weak Suppressor 
ME Moderate Enhancer 
ME/S Moderate Enhancer/Suppressor 
MS Moderate Suppressor 
NO MOD No modification observed 
NOT DONE Cross was not set in our screen 
S Suppressor 
SE Strong Enhancer 
SE/S Strong Enhancer/Suppressor 
W/ME Weak/Moderate Enhancer 
WE Weak Enhancer 
WE/S Weak Enhancer/Suppressor 
WS Weak Suppressor 
WS/E Weak Suppressor/Enhancer 
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Stock 
number GMR>DeltaWT C96>Delta∆ICD 34B>Delta∆ICD  
c01192 WE SE S 
c01601 WS  NO MOD NO MOD 
c02135 WS  NO MOD NO MOD 
c03489 WS  ME NO MOD 
c04320 WS  ME E 
c06362 WE WE S 
c06428 LETHAL LETHAL LETHAL  
d00006 ME ME SS 
d00042 WS NO MOD NO MOD 
d00063 MS WE NO MOD 
d00136 MS NO MOD NO MOD 
d00183 ME WE NO MOD 
d00199 SS NO MOD NO MOD 
d00216 ME WS NO MOD 
d00278 ME MS NO MOD 
d00284 WS WE NO MOD 
d00332 LETHAL NO MOD NO MOD 
d00366 ME NO MOD S 
d00442 MS NO MOD NO MOD 
d00615 ME NO MOD LETHAL  
d00720 SE NO MOD LETHAL  
d00738 MS WE E 
d00740 LETHAL NO MOD S 
d00747 ME NO MOD E 
d00858 WE WE NO MOD 
d00876 MS NO MOD NO MOD  
d00910 WS NO MOD NO MOD 
d00935 MS NO MOD NO MOD 
d00985 ME NO MOD NO MOD 
d00992 SS NO MOD NO MOD 
d01160 MS NO MOD NO MOD 
d01249 SE ME NO MOD 
d01337 ME NO MOD NO MOD 
d01383 SS NO MOD NO MOD 
d01453 MS NO MOD E 
d01539 WE MS NO MOD 
d01680 MS MS E 
d01690 ME NO MOD NO MOD 
d01740 ME NO MOD NO MOD 
d01821 SS NO MOD NO MOD 
d01851 ME NO MOD S 
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Stock 
number GMR>DeltaWT C96>Delta∆ICD 34B>Delta∆ICD  
d01932 SE NO MOD LETHAL  
d01988 WS NO MOD E 
d02000 SS MS NO MOD 
d02080 MS MS NO MOD 
d02114 MS NO MOD NO MOD 
d02119 WS NO MOD E 
d02121 MS NO MOD NO MOD 
d02317 WS WE NO MOD 
d02409 SE NO MOD NO MOD 
d02520 SE NO MOD LETHAL  
d02599 MS WE S 
d02631 ME NO MOD NO MOD 
d02683 WS NO MOD NO MOD 
d02798 MS NO MOD NO MOD 
d02989 WS NO MOD NO MOD 
d03038 WS NO MOD SE/S  
d03048 WE SE NO MOD 
d03175 ME SE NO MOD  
d03212 ME WS NO MOD 
d03295 SE SE NO MOD 
d03329 WS WE S 
d03500 ME NO MOD NO MOD 
d03547 MS NO MOD NO MOD 
d03672 MS NO MOD NO MOD 
d03727 SE NO MOD NO MOD 
d03762 WE NO MOD NO MOD 
d03852 MS WS NOT DONE 
d03923 SE/S NO MOD NO MOD 
d03982 WS NO MOD NO MOD 
d04064 WS WE NO MOD 
d04224 ME NO MOD NO MOD 
d04230 ME  NO MOD NO MOD 
d04250 MS NO MOD NO MOD 
d04345 ME NO MOD NO MOD 
d04563 SE MS NO MOD 
d04706 ME NO MOD E  
d04817 ME MS NO MOD 
d04859 WS MS NO MOD 
d05112 MS NO MOD E 
d05170 MS NO MOD NO MOD 
d05202 WS NO MOD NO MOD 
d05297 WS NO MOD NO MOD 
d05330 WS NO MOD NO MOD 
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Stock 
number GMR>DeltaWT C96>Delta∆ICD 34B>Delta∆ICD  
d05397 WS NO MOD NO MOD 
d05438 WE NO MOD NO MOD 
d05547 MS NO MOD E 
d05779 MS NO MOD NO MOD 
d05800 WE S NO MOD 
d05884 WS NO MOD E 
d05916 SE S LETHAL  
d05949 SE S NO MOD 
d05968 MS S NO MOD 
d06042 WS NO MOD NO MOD  
d06079 WE NO MOD NO MOD 
d06162 ME NO MOD NO MOD 
d06199 WS  E E 
d06230 ME NO MOD NO MOD 
d06268 WS NO MOD NO MOD 
d06312 ME S NO MOD 
d06327 SS NO MOD NO MOD  
d06348 WS NO MOD E 
d06412 ME/S E NO MOD 
d06501 ME NO MOD NO MOD 
d06507 MS NO MOD NO MOD 
d06524 MS NO MOD NO MOD 
d06597 SE/S NO MOD NO MOD 
d06604 LETHAL NO MOD NO MOD 
d06616 MS NO MOD NO MOD 
d06821 MS NO MOD NO MOD 
d06878 ME NO MOD NO MOD  
d07035 ME NO MOD E 
d07122 SE NO MOD LETHAL  
d07144 SE NO MOD LETHAL 
d07162 MS NO MOD E 
d07488 MS  S NO MOD 
d07508 MS E NO MOD 
d07658 ME S NO MOD 
d07785 MS E NO MOD 
d07814 MS NO MOD E 
d07872 SE NO MOD NO MOD 
d08033 SS NO MOD NO MOD 
d08197 MS WE NO MOD 
d08266 SE NO MOD LETHAL 
d08635 WS NO MOD NO MOD 
d08710 LETHAL NO MOD NO MOD 
d08881 MS NO MOD NO MOD 
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Stock 
number GMR>DeltaWT C96>Delta∆ICD 34B>Delta∆ICD  
d08987 LETHAL E LETHAL 
d09065 ME/S NO MOD E 
d09082 WS NO MOD S 
d09084 SE NO MOD NO MOD 
d09141 SE S LETHAL 
d09185 WS NO MOD NO MOD 
d09251 WE E NO MOD 
d09356 WS NO MOD LETHAL 
d09689 WE/S NO MOD NO MOD 
d09711 MS NO MOD NO MOD 
d09802 WE NO MOD LETHAL 
d09960 MS  NO MOD E  
d09998 ME NO MOD NO MOD 
d10135 SE SE NO MOD 
d10246 ME/S NO MOD NO MOD 
d10255 MS/E NO MOD NO MOD 
d10370 WS  E NO MOD 
d10551 WS NO MOD NO MOD 
d10582 MS NO MOD NO MOD 
d10593 SE E LETHAL 
d10617 MS NOT DONE LETHAL 
d10800 WE S NO MOD 
d10839 ME NO MOD NO MOD 
d10879 MS WE NO MOD 
d11130 WS E NO MOD 
d11183 MS WS E 
d11193 WS NO MOD NO MOD 
d11205 LETHAL NO MOD LETHAL 
d11300 WE NO MOD NO MOD 
d11403 SS NO MOD NO MOD 
d14230 ME S NO MOD 
e00305 WS  NO MOD NO MOD 
e03075 WS  E NO MOD 
e03188 WS S NO MOD 
f00190 MS NO MOD NO MOD 
f00286 WS NO MOD S 
f00392 MS NO MOD S 
f02453 WS  NO MOD NO MOD 
f02919 WS  E NO MOD 
f04748 MS S E 
f06696 ME/S NO MOD NO MOD 
f06749 WS E NO MOD 
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Table 2.6. The set of 170 transposon-bearing lines that are confirmed modifiers of the 
GMR>DeltaWT/+ rough eye phenotype, and the genes that they are potentially 
disrupting. Each transposon may disrupt up to three genes (see criteria for gene disruption 
in Chapter V - Annotation of hits). * Transposons that have more than one placement 
within the genome are hyphenated with an arbitrary placement number (-1, -2, etc.).
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
c01192 Star, CG4385 
cell-cell 
communication 
 
  
 
  
c01601 
Pray For Elves, 
CG15151 
cell-cell 
communication 
 
  
 
  
c02135 CG13650 protein metabolism CG34027 unknown 
 
  
c03489 CG6509 unknown 
 
  
 
  
c04320 pipsqueak, CG2368 gene regulation 
 
  
 
  
c06362 CG31729 cell metabolism CG6116 unknown 
 
  
c06428 CG14767 transporter CG30357 unknown 
germ cell-less, 
CG8411 
gene 
regulation 
d00006 puckered, CG7850 
cell-cell 
communication CG7900 lipid metabolism 
 
  
d00042 formin3, CG33556 
cytoskeletal/trafficki
ng CG8634 unknown 
 
  
d00063 numb, CG3779 
cell-cell 
communication 
 
  
 
  
d00136 SP2637, CG5473 protein metabolism 
 
  
 
  
d00183 
Trithorax-like, 
CG33261 gene regulation CG33260 unknown CG9384 
protein 
metabolism 
d00199 Oatp30B, CG3811 transporter CG33298 lipid metabolism CG31883 unknown 
d00216 Gga, CG3002 
cytoskeletal/trafficki
ng CG3004 unknown     
d00278 deadpan, CG8704 gene regulation peanut, CG8705 cytoskeletal/trafficking 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d00284 
Glutathione S 
Transferase D1, 
CG10045 cell metabolism 
Glutathione S 
transferase D2, 
CG4181 cell metabolism 
 
  
d00332 no man's land   
 
  
 
  
d00366 CG10777 gene regulation CG10778 cell metabolism 
Ribosomal 
protein S14a, 
CG1524 
protein 
metabolism 
d00442 CG41478 unknown 
 
  
 
  
d00615 elbowB, CG4220 gene regulation 
 
  
 
  
d00720 spalt major, CG6464 gene regulation 
 
  
 
  
d00738 
Ptc-related, 
CG11212 
cell-cell 
communication CG30432 unknown CG8335 
gene 
regulation 
d00740 
lariat debranching 
enzyme, CG7942 gene regulation moleskin, CG7935 cell metabolism 
 
  
d00747 short stop, CG18076 
cytoskeletal/trafficki
ng 
 
  
 
  
d00858 raspberry, CG1799 cell metabolism CG32676 cell metabolism 
 
  
d00876 CG10962 cell metabolism CG33224 unknown 
 
  
d00910 numb, CG3779 
cell-cell 
communication CG3769 unknown CG33723 unknown 
d00935 no man's land   
 
  
 
  
d00985 no man's land   
 
  
 
  
d00992 smooth, CG9218 gene regulation CG18367 unknown 
 
  
d01160 CG32714 unknown         
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d01249 squeeze, CG5557 gene regulation CG5558 gene regulation 
 
  
d01337 CG30089 unknown 
 
  
 
  
d01383 numb, CG3779 
cell-cell 
communication 
 
  
 
  
d01453 CG9384 protein metabolism CG33260 unknown 
Trithorax-like, 
CG33261 
gene 
regulation 
d01539 CG13907 transporter CG32479 protein metabolism 
 
  
d01680 
Suppressor of 
Triplolethal, 
CG32217 gene regulation Mi-2, CG8103 gene regulation 
 
  
d01690 bereft, CR31863 
cell-cell 
communication CG17745 unknown 
 
  
d01740 CG4991 transporter CG16700 transporter 
 
  
d01821 CG3842 cell metabolism 
 
  
 
  
d01851 
Sox box protein-15, 
CG8404 gene regulation 
Ribosomal protein 
S23, CG8415 protein metabolism 
 
  
d01932 CG15321 unknown 
 
  
 
  
d01988 
Ecdysone-inducible 
gene L2, CG15009 
cell-cell 
communication 
 
  
 
  
d02000 
no sequence 
available   
 
  
 
  
d02080 
scruin like at the 
midline, CG5186 unknown CG30118 unknown     
d02114 Fimbrin, CG8649 
cytoskeletal/trafficki
ng 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d02119 CG18522 cell metabolism CG18519 cell metabolism 
 
  
d02121 CG32556 unknown CG8188 protein metabolism CG5884 
cytoskeletal/
trafficking 
d02317 Fimbrin, CG11567 cell metabolism CG9493 cytoskeletal/trafficking 
 
  
d02409 CG6782 cell metabolism CG6783 lipid metabolism CG14709 transporter 
d02520 dachshund, CG4952 gene regulation CG4580 protein metabolism 
 
  
d02599 bifocal, CG1822 
cytoskeletal/trafficki
ng CG2371 unknown 
 
  
d02631 spire, CG10076 
cytoskeletal/trafficki
ng 
 
  
 
  
d02683 
Glycerol 3 phosphate 
dehydrogenase, 
CG9042 cell metabolism 
 
  
 
  
d02798 CG11714 unknown CG6128 cell metabolism CG11711 unknown 
d02989 
Phosphodiesterase 8, 
CG5411 cell metabolism retained, CG5403 gene regulation 
 
  
d03038 
ken and barbie, 
CG5575 gene regulation Thiolase, CG4581 lipid metabolism 
 
  
d03048 CG32560 
cell-cell 
communication CG15816 unknown CG32559 unknown 
d03175 tribbles, CG5408 cell metabolism 
 
  
 
  
d03212 no man's land   
 
  
 
  
d03295 CG9650 gene regulation         
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d03329 Amun, CG2446 gene regulation CG1837 protein metabolism 
 
  
d03500 CG9894 unknown 
Phosphoglycerate 
kinase, CG3127 cell metabolism 
 
  
d03547 CG9945 unknown Hillarin, CG30147 unknown 
 
  
d03672-
1* CG5834 protein metabolism 
 
  
 
  
d03672-
2* CG6489 protein metabolism CG31359 protein metabolism CG5834 
protein 
metabolism 
d03672-
3* CG5834, OXGD protein metabolism CG5834 protein metabolism 
 
  
d03672-
4* CG31449 protein metabolism 
 
  
 
  
d03727 CG4612 gene regulation CG30169 unknown 
 
  
d03762 CG2525 cell metabolism CG1129 cell metabolism 
 
  
d03852 CG32373 unknown CG7496 cell-cell communication 
 
  
d03923 
Bestrophin 1, 
CG6264 cell metabolism CG12814 unknown 
 
  
d03982 
Zinc/iron regulated 
transporter-related 
protein 3, CG6898 transporter gilgamesh, CG6963 cell-cell communication 
 
  
d04064 CG33113 
cell-cell 
communication CG31917 unknown CG3887 
cell 
metabolism 
d04224 CG9921 unknown 
Dorsal switch protein 
1, CG12223 gene regulation 
 
  
d04230 
RNA-binding 
protein 9, CG3151 gene regulation lilliputian, CG8817 gene  regulation     
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d04250 
longitudinals 
lacking, CG12052 gene regulation 
 
  
 
  
d04345 no man's land   
 
  
 
  
d04563 
junctophilin, 
CG4405 cell metabolism 
 
  
 
  
d04706 no man's land   
 
  
 
  
d04817 
diminutive, 
CG10798 gene regulation 
 
  
 
  
d04859 CG3762 
cytoskeletal/trafficki
ng 
 
  
 
  
d05112 CG6173 
cell-cell 
communication CG6164 unknown CG6159 
cytoskeletal/
trafficking 
d05170 CG9972 unknown 
Shaker cognate b, 
CG1066 cell metabolism 
 
  
d05202 CG31038 unknown CG34133 unknown 
 
  
d05297 
SNF4/AMP-
activated protein 
kinase gamma 
subunit, CG17299 cell metabolism 
 
  
 
  
d05330 CG5937 
cytoskeletal/trafficki
ng CG5941 cell-cell communication 
roughex, 
CG4336 
cell 
metabolism 
d05397 jaguar, CG5695 
cytoskeletal/trafficki
ng 
 
  
 
  
d05438 CG8229 unknown CG33199 unknown 
Translocase of 
outer 
membrane 7, 
CG8226 
cell 
metabolism 
d05547 CG17646 transporter 
 
  
 
  
d05779 CG18375 gene regulation 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d05800 no man's land           
d05884 CG8036 cell metabolism CG8032 cell metabolism 
 
  
d05916-
1* caudal, CG1759 gene regulation diaphanous, CG1768 cytoskeletal/trafficking 
 
  
d05916-
2* 
Ecdysone-inducible 
gene L2, CG15009 cell metabolism 
 
  
 
  
d05916-
3* 
lethal (2) 01810, 
CG5304 transporter 
 
  
 
  
d05949 CG9007 gene regulation 
 
  
 
  
d05968 
Defense repressor 1, 
CG12489 
cytoskeletal/trafficki
ng CG3927 gene regulation 
 
  
d06042 CG31098 unknown CG31102 unknown CG31097 
protein 
metabolism 
d06079 dappled, CG1624 gene regulation CG1621 gene regulation 
 
  
d06162 CG11033 gene regulation Mst85C, CG11993 unknown 
NAD-
dependent 
methylenetetra
hydrofolate 
dehydrogenase
, CG18466 
cell 
metabolism 
d06199 CG32572 unknown CG18358 unknown 
 
  
d06230 
Hormone receptor-
like in 39, CG8676 
cell-cell 
communication CG31626 unknown CG8677 
gene 
regulation 
d06268 peanut, CG8705 
cytoskeletal/trafficki
ng 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d06312 
Heterogeneous 
nuclear 
ribonucleoprotein at 
27C, CG10377 gene regulation xl6, CG10203 gene regulation 
nop5, 
CG10206 
gene 
regulation 
d06327 Mi-2, CG8103 gene regulation Su(Tpl), CG32217 gene regulation     
d06348 CG18410 unknown Ets96B, CG6892 gene regulation 
polybromo, 
CG11375 
gene 
regulation 
d06412 
Ras oncogene at 
85D, CG9375 
cell-cell 
communication Rlb1, CG8161 unknown 
 
  
d06501 no man's land   
 
  
 
  
d06507 CG11975 unknown CG11971 gene regulation 
 
  
d06524 PP2A-B', CG7913 protein metabolism CG7217 cell metabolism 
cap binding 
protein 20, 
CG12357 
gene 
regulation 
d06597 no man's land   
 
  
 
  
d06604 no man's land   
 
  
 
  
d06616 CG11138 unknown 
LIM-kinase1, 
CG1848 cell-cell communication 
 
  
d06821 Picot, CG8098 transporter CG5197 protein metabolism 
 
  
d06878 patched, CG2411 
cell-cell 
communication CG30353 unknown 
 
  
d07035 Fasciclin 2, CG3665 
cell-cell 
communication 
 
  
 
  
d07122 
Cytochrome P450-
18a1, CG6816 cell metabolism 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d07144 no man's land   
 
  
 
  
d07162 
Cysteine string 
protein, CG6395 
cytoskeletal/trafficki
ng CG11523 unknown 
Dead-box-1, 
CG9054 
gene 
regulation 
d07488-
1* thread, CG12284 protein metabolism 
Myosin binding 
subunit, CG32156 cytoskeletal/trafficking 
 
  
d07488-
2* CG9342 lipid metabolism CR33318 unknown     
d07508 
sloppy paired 1, 
CG16738 gene regulation 
 
  
 
  
d07658 taiman, CG13109 gene regulation 
 
  
 
  
d07785 CG4860 cell metabolism CG10014 unknown CG4848 unknown 
d07814 
Myosin heavy chain, 
CG17927 
cytoskeletal/trafficki
ng 
 
  
 
  
d07872-
1* scabrous, CG17579 
cell-cell 
communication 
 
  
 
  
d07872-
2* 
I'm not dead yet, 
CG3979 transporter CG32027 unknown 
 
  
d08033 nahoda, CG12781 
cell-cell 
communication CG3700 protein metabolism 
Mediator 
complex 
subunit 23, 
CG3695 
gene 
regulation 
d08197 CG18316 unknown cul-4, CG8711 protein metabolism 
 
  
d08266 wingless, CG4889 
cell-cell 
communication 
 
  
 
  
d08635 CG11473 unknown CG17761 unknown 
 
  
d08710 no man's land   
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d08881 CG11984 cell metabolism CG11985 gene regulation CG11986 unknown 
d08987 CG31666 gene regulation 
 
  
 
  
d09065-
1* CG33681 unknown bubblegum, CG4501 lipid metabolism 
 
  
d09065-
2* tramtrack, CG1856 gene regulation 
 
  
 
  
d09082 CG4455 unknown chiffon, CG5813 gene regulation     
d09084 CG17390 gene regulation 
 
  
 
  
d09141 CG33635 
cytoskeletal/trafficki
ng split ends, CG18497 gene regulation 
 
  
d09185 
Posterior sex combs, 
CG3886 gene regulation 
 
  
 
  
d09251 CG33316 unknown 
 
  
 
  
d09356 no man's land   
 
  
 
  
d09689 
Cysteine string 
protein, CG6395 
cytoskeletal/trafficki
ng CG11523 unknown 
 
  
d09711 
TBP-associated 
factor 4, CG54444 gene regulation Zn72D, CG5215 gene regulation 
 
  
d09802-
1* trachealess, CG6883 
cell-cell 
communication 
 
  
 
  
d09802-
2* cropped, CG7664 gene regulation 
 
  
  
d09960 CG18375 gene regulation 
 
  
 
  
d09998 CG13397 cell metabolism CG13398 unknown 
A kinase 
anchor protein 
200, CG13388 
cell 
metabolism 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d10135-
1* dikar, CG32393 unknown CG10107 protein metabolism 
 
  
d10135-
2* 
poly-glutamine tract 
binding protein 1, 
CG31369 unknown 
 
  
 
  
d10246-
1* 
archipelago, 
CG15010 protein metabolism CG1265 unknown 
 
  
d10246-
2* 
alan-shepard, 
CG32423 gene regulation         
d10255 
Ryanodine receptor 
44F, CG10844 cell metabolism 
sticks and stones, 
CG33141 cell-cell communication 
 
  
d10370 CG6199 protein metabolism 
Angelman syndrome, 
CG6190 protein metabolism CG14141 unknown 
d10551 CG10186 transporter CG10132 unknown 
 
  
d10582 arrest, CG31762 gene regulation 
 
  
 
  
d10593 
Hormone receptor-
like in 38, CG1864 
cell-cell 
communication 
 
  
 
  
d10617 CG8370 unknown 
ATP citrate lyase, 
CG8322 cell metabolism 
 
  
d10800 headcase, CG15532 unknown 
 
  
 
  
d10839 CG2931 gene regulation CG1081 cell metabolism 
 
  
d10879 no man's land   
 
  
 
  
d11130 CG32727 protein metabolism CG15035 unknown 
 
  
d11183 karst, CG12008 
cytoskeletal/trafficki
ng 
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Stock 
number 
Full name,              
CG number Functional class 
Full name,             
CG number Functional class 
Full name,              
 CG number 
Functional 
class 
d11193 
Phospholipase at 
21C, CG4574 lipid metabolism 
 
  
 
  
d11205 puckered, CG7850 
cell-cell 
communication CG7900 lipid metabolism 
 
  
d11300 CG10631 gene regulation CG10628 cell metabolism CG10463 unknown 
d11403 
Organic Anion 
Transporting 
Polypeptide, 
CG3811 transporter CG33298 lipid metabolism    
d14230 
no sequence 
available        
e00305 CG11880 transporter       
e03075 eIF3-S10, CG9805 protein metabolism       
e03188 no man's land         
f00190 Tbp, CG9874 gene regulation       
f00286 CG32580 unknown       
f00392 split ends, CG18497 gene regulation 
mitochondrial 
ribosomal protein 
L10, CG11488 protein metabolism CG11617 
gene 
regulation 
f02453 CG13131 unknown 
Translocation protein 
1, CG4758 transporter    
f02919 CG4281 unknown CG14054 unknown    
f04748 kuz, CG7147 
cell-cell 
communication B4, CG9239 unknown    
f06696 no man's land         
f06749 CG17181 gene regulation CG12169 protein metabolism    
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CHAPTER III 
AMUN, A PUTATIVE DNA GLYCOSYLASE WITH A CRITICAL ROLE IN 
SENSORY ORGAN DEVELOPMENT
 91 
 
A. INTRODUCTION 
1. The little-studied gene, Amun (CG2446) 
We chose to characterize one suppressor of the GMR>DeltaWT/+ phenotype, 
P{XP}d03329, in more detail because of the previous implication of an adjacent gene in 
Notch signaling. P{XP}d03329 is located between two open reading frames: CG1837 and 
CG2446 (Figure 3.1). While CG1837 is an uncharacterized gene, CG2446 has been 
associated previously with Notch signaling in the adult eye and bristle organ 
(ABDELILAH-SEYFRIED et al. 2001; MULLER et al. 2005). EP(X)1503, a UAS-containing 
transposon insertion (RORTH 1996) upstream of the CG2446 open reading frame (Figure 
3.1), has been identified as a modifier in several Drosophila screens (ABDELILAH-
SEYFRIED et al. 2001; BOURBON et al. 2002; BRODY et al. 2002; MULLER et al. 2005; 
ZHU et al. 2005). In one screen, EP(X)1503 expressed under control of the sca-Gal4 
driver modified Notch and Hairless (a Notch pathway inhibitor, SCHWEISGUTH and 
LECOURTOIS 1998) loss-of-function phenotypes affecting adult bristles (ABDELILAH-
SEYFRIED et al. 2001). Overexpression of CG2446 in both genetic backgrounds resulted 
in various bristle phenotypes including shaft-to-socket transformations and development 
of supernumerary macrochaetae. In a second screen, EP(X)1503 was recovered as a 
suppressor in a Hairless gain-of-function screen designed to identify modifiers of a small 
rough eye phenotype caused by GMR-driven Hairless expression (MULLER et al. 2005). 
In our primary screen, P{XP}d03329 was identified as a suppressor of the 
GMR>DeltaWT/+ rough eye phenotype. In our secondary tests, P{XP}d03329 suppresses 
the 34B>Delta∆ICD wing vein thickening phenotype (Figure 2.5D) and enhances the 
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C96>Delta∆ICD wing notching phenotype (data not shown). Previous genetic interaction 
data for EP(X)1503, combined with our initial data regarding P{XP}d03329, suggest that 
CG2446 (which we have named “Amun,” for an ancient Egyptian god also referred to as 
“The Hidden One”) may function in eye and bristle development in conjunction with 
Notch signaling.  
 
B. RESULTS 
1. UAS-Amun suppresses the GMR>DeltaWT/+ eye phenotype, in a manner similar to 
P{XP}d03329  
The P{XP}d03329 transposon is located between two open reading frames and 
potentially mediates overexpression of both genes, Amun and CG1837 (Figure 3.1). To 
confirm that overexpression of Amun causes the suppression of the GMR>DeltaWT/+ 
eye phenotype, I generated a transgene placing a full-length Amun open reading frame 
under the control of a UAS regulatory cassette and generated transgenic fly lines. Co-
expression of UAS-DeltaWT and UAS-Amun under GMR-Gal4 control results in 
suppression of the GMR>DeltaWT/+ adult rough eye phenotype to an extent similar to 
that seen with P{XP}d03329 (Figure 3.2). In addition, we analyzed cone cell 
development in GMR>DeltaWT/+;UAS-AmunWT/+ 24 hr APF retinas and found 
significant suppression of the cone cell phenotype compared to GMR>DeltaWT/+ alone: 
3.73 cone cells/ommatidium (p<0.005) compared to 3.33 cone cells/ommatidium in 
GMR>DeltaWT/+ (Figure 3.2C and D). Interestingly, the extent of suppression of the 
GMR>DeltaWT/+ cone cell phenotype by UAS-AmunWT was quantitatively greater than 
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that observed with P{XP}d03329, which yielded 3.43 cone cells/ommatidium (Figure 
3.2B, C and D). Because loss of cone cells results from decreased Notch signaling, these 
results suggest that Amun positively regulates Notch signaling during cone cell induction 
in the developing Drosophila eye.  
 
2. Amun contains a conserved DNA glycosylase domain  
Amun is located cytogenetically at 10D6-10D7 and encodes a 550 amino acid (aa) 
protein with a predicted molecular weight of ~58 kDa (FlyBase, Version FB2009_03). 
The entire protein sequence is conserved among Drosophilid species, with highest 
conservation within the amino terminal region of the protein (Figure 3.3). The amino- 
terminal region of the protein also exhibits significant conservation among a set of 
putative orthologs from vertebrate and invertebrate species. In contrast, the carboxyl- 
terminal region of the protein exhibits no sequence similarity in animals beyond the 
Drosophilids (Figure 3.3), and it contains a predicted ‘coiled-coil’ domain between aa 
448 and aa 481 (Figure 3.3, region shaded in gray). Coiled-coil domains consist of two to 
five alpha-helices wrapped around each to form a supercoil (MASON and ARNDT 2004). 
Coiled-coil domains are present in 3-5% of all proteins and are thought to mediate 
protein-protein interactions with diverse biological functions, such as vesicle trafficking, 
cell signaling, and transcriptional regulation (YU 2002). The amino-terminal region 
includes a DNA glycosylase domain that is highly conserved among phyla (Figure 3.3, 
residues shaded in red). DNA glycosylases initiate an evolutionarily conserved base 
excision repair pathway by excising mismatched or altered bases that result from 
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processes including oxidation, deamination, alkylation, and methylation (DIZDAROGLU 
2005). DNA glycosylases vary significantly in size and possess little to no conservation 
within their amino and carboxyl termini. However, many share a DNA glycosylase 
domain consisting of a glycine-valine/isoleucine-glycine sequence flanked by two helices 
(α helix-hairpin loop-α helix, or HhH, domain) followed by a glycine/proline-rich region 
and a conserved, catalytically active aspartic acid, which donates an electron during DNA 
base excision (Figure 3.4) (KROKAN et al. 1997; SCHARER and JIRICNY 2001).  
 
3. AmunRFP localizes to the nucleus in Drosophila tissues  
Since the conserved sequence of Amun possesses a DNA glycosylase domain, we 
asked whether the protein localizes to the nucleus, where a DNA glycosylase would be 
predicted to function. I engineered an RFP-tagged version of Amun and expressed it in 
transgenic wing/notal imaginal tissues (Figure 3.5B), as well as in the eye-antennal disc 
(Figure 3.5C) and leg imaginal discs (data not shown). We infer that Amun localizes to 
nuclei in all imaginal disc tissues examined, as well as in Drosophila salivary glands 
(Figure 3.5A and A’) and S2 cultured cells (data not shown; M. Osswalt, M.S. Thesis, 
Boston College), consistent with possible function(s) as a DNA glycosylase and/or 
transcriptional regulator.  
 
4. Amun is required during Drosophila development 
 In order to understand the role of Amun during development, we examined the 
effects of loss of Amun function, as well as Amun overexpression, in different tissues and 
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stages during development. To examine loss-of-function phenotypes of Amun, we used 
UAS-AmunRNAi transgenic flies obtained from the Vienna Drosophila RNAi Consortium 
(DIETZL et al. 2007). To examine gain-of-function phenotypes of Amun, I used UAS-
Amun transgenic flies generated in our laboratory. 
 
a. AmunRNAi effectively reduces Amun levels in Drosophila tissue 
The Vienna Drosophila RNAi Consortium generated RNAi lines by cloning short 
fragments (300-400 bases) of inverted repeats for all predicted Drosophila genes, and 
inserting them downstream of a UAS promoter (DIETZL et al. 2007). This method, 
although extremely efficient, may lead to RNAi lines with multiple targets, rendering 
them less specific. Therefore, in order to test the effectiveness of this AmunRNAi strain in 
reducing Amun protein expression we co-expressed Amun::RFP and AmunRNAi in the 
notum under the control of pannier (pnr)-Gal4. The pnr-Gal4 driver is a P element 
insertion in the pnr gene that drives expression in the notal domain of third larval instar 
imaginal wing/notal discs (HEITZLER et al. 1996). I examined discs for the presence of 
RFP in the pnr expression domain. In the absence of AmunRNAi, robust RFP 
accumulation is seen within the pnr expression domain (Figure 3.6A). In contrast, when 
AmunRNAi is co-expressed, little or no RFP is detected within the pnr expression domain 
(Figure 3.6B). Therefore, we conclude that AmunRNAi effectively blocks Amun 
overexpression, and we use this line in subsequent tests to analyze loss-of-function 
phenotypes for Amun.   
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b. Amun loss-of-function causes bristle and eye defects 
We expressed AmunRNAi in various tissues using multiple Gal4-drivers and 
analyzed the F1 progeny for phenotypic changes. When AmunRNAi is ubiquitously 
expressed under Act5C-Gal4 control, the progeny do not survive beyond the first and 
second larval instar stages (E.J. Morreale and M.A.T. Muskavitch, unpublished results), 
implying that Amun function is essential for aspects of embryonic and/or early larval 
development. When AmunRNAi is expressed under the control of eyeless (ey)-Gal4 (a 
transgene that drives expression in the early antennal-eye imaginal disc, BOSE et al. 
2006), we observe a reduction in eye size (Figure 3.7B) demonstrating one or more roles 
for Amun during eye development. Reduction of Amun levels under control of notum-
specific drivers, scabrous (sca)-Gal4 or patched (ptc)-Gal4, results in multiple bristle 
defects including missing, supernumerary and misplaced macrochaetae, as well as 
probable shaft to socket transformations (Figure 3.8B and C, respectively). In addition, 
reduction of Amun expression under control of stripe (sr)-Gal4 (a transgene that drives 
expression in a subset of microchaeta rows in the medial and lateral notum, CALLEJA et 
al. 2002) and pannier (pnr)-Gal4 (a transgene that drives expression in the ten medial 
microchaetae stripes in the notum, HEITZLER et al. 1996) results in severely disorganized 
and smaller microchaetae (Figure 3.8D and E, respectively). Since reduction of Amun 
levels cause mainly eye and bristle defects, we conclude that Amun is required for proper 
development of these tissues.  
 
c. Amun gain-of-function causes severe bristle defects 
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 In order to investigate the effects of ectopic Amun levels on different tissues, I 
created three separate constructs - one untagged version, UAS-AmunWT, and two tagged 
versions, UAS-Amun::HA and UAS-Amun::RFP - and transgenic lines were generated by 
Genetics Services, Inc. (Cambridge, MA). A total of 35 individual UAS-Amun responder-
containing strains were mapped to chromosomes X, 2 or 3 and appropriately balanced. 
For an initial gain-of-function analysis, I crossed all UAS-Amun lines to sca-Gal4 to 
examine phenotypic differences in macrochaeta bristles (large bristles on the fly). For 
each cross, 30 flies from the critical class were scored and placed into two phenotypic 
classes: bristle phenotype evident, or no bristle phenotype evident. Bristle phenotypes 
were seen in all crosses set; however, penetrance of the phenotype varied among the 
responder strains. The phenotype caused by sca-driven Amun, includes missing and extra 
macrochaetae, shaft to socket transformations, short and misplaced shafts, and missing 
microchaetae. Table 3.1 lists all the lines tested and the severity of the phenotype 
associated with each line. In summary, UAS-Amun::RFP (2.66.3)/TM6C yields the most 
severe phenotype in adult flies, where macrochaetae and microchaetae were missing in 
all critical class individuals counted.  
  
I then crossed UAS-Amun::RFP (2.66.3) to 22 Gal4 drivers available in our 
laboratory and examined phenotypic differences in F1 progeny. Table 3.2 lists all the 
drivers tested and a description of the phenotype, if any, associated with each driver. 
Interestingly, ubiquitous overexpression of wild type Amun using the Act5C-Gal4 driver 
results in lethality between the first and second larval instar stages, as does Act5C-Gal4-
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driven expression of AmunRNAi (E.J. Morreale and M.A.T. Muskavitch, unpublished 
results). Notably, six drivers yield bristle-associated defects in the notum (see Table 3.2, 
and Figures 3.9A-D). These bristle defects include supernumeracy, and missing and 
misplaced macrochaetae, as well as loss of microchaetae bristles. The most severe 
phenotype observed is the complete loss of microchaetae when Amun::RFP is 
overexpressed using sr-Gal4 (Figure 3.9C) or pnr-Gal4 (Figure 3.9D). These data 
indicate that the development of the bristle organ is sensitive to increased levels of Amun 
expression. 
 
d. UAS-AmunRNAi phenotypes are rescued by ectopic Amun expression 
 Both reduction of Amun levels (Figure 3.10A) and Amun overexpression (Figure 
3.10B) under pnr-Gal4 control cause defects in microchaeta bristles. To confirm that the 
phenotype caused by Amun overexpression is due to increased Amun expression levels, 
we co-expressed Amun::RFP and AmunRNAi under pnr-Gal4 control and examined adult 
nota for microchaeta phenotypes. We find that both phenotypes are rescued in F1 
progeny (Figure 3.10C). This rescue experiment indicates that AmunRNAi almost fully 
reverts the overexpression phenotype, confirming that loss of microchaetae is indeed due 
to overexpression of Amun. Moreover, Amun overexpression rescues the loss-of-function 
phenotype caused by AmunRNAi, demonstrating that AmunRNAi also effectively reduces 
endogenous protein function. Therefore, these data indicate that Amun overexpression 
and RNAi effectively balance each other and that both reduced and increased Amun 
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expression levels lead to cell fate specification and/or morphogenetic defects in the 
Drosophila notum. 
 
e. Loss of microchaetae is due to loss of bristle sensory organ precursor cells 
 What is the molecular mechanism underlying the Amun-dependent loss of 
microchaetae within the pnr and sr expression domains? Sensory organ development is 
dependent on Notch signaling. Figure 3.11 summarizes the events that take place for the 
development of the final four cells of the bristle organ: shaft, socket, neuron and sheath. 
As mentioned above, the most severe bristle defects observed result from Amun 
overexpression in the sr or pnr expression domain (Figure 3.9C and 3.9D, respectively). 
Bristle loss following Amun overexpression could result from loss of sensory organ 
precursors (SOP), or it could reflect misspecification of the socket and shaft cells 
resulting from adoption of the pIIb cell fate by the pIIa cell, resulting in development of 
multiple neurons within each organ. To determine whether Amun causes loss of neurons 
due to loss of the pIIa identity and development of two pIIb cells, we used MAb22C10 to 
stain neuron and shaft cells in the developing notum (MURAWSKY et al. 2001). In control 
nota at 31 hr APF, we detect a regular array of microchaeta neurons stained with 
MAb22C10 (Figure 3.12A). In contrast, there are few or no neurons or shaft cells 
discernable within the pnr expression domain following overexpression of Amun (Figure 
3.12B), suggesting that Amun acts upstream of pIIa/pIIb specification during the 
development of the bristle organ. We then asked whether Amun plays a role in SOP 
specification. To test this possibility, we assayed SOP specification in the presence and 
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absence of pnr-driven Amun::RFP expression (pnr>Amun::RFP) using neurA101, a lacZ 
insertion in the neuralized gene (BELLEN et al. 1989), to mark SOP cells. 
Immunohistochemical analysis of 15 hr APF nota stained for β-galactosidase activity 
reveals a regular array of microchaeta SOPs in control nota (Figure 3.12C), and an 
absence of SOPs within the pnr expression domain in pnr>Amun::RFP nota (Figure 
3.12D). This suggests that overexpression of Amun in the notum interferes with either the 
specification of SOPs or the formation of the proneural clusters within which SOPs are 
specified.  
 
f. Ectopic Amun expression down-regulates the proneural transcription factor Achaete  
To determine whether failure of SOP specification in regions of elevated Amun 
expression is due to the absence of SOP proneural groups, I used Achaete 
immunolabeling to detect microchaeta proneural equivalence groups in the developing 
notum. Achaete is a bHLH transcription factor required for SOP specification within 
proneural equivalence groups (see Chapter I). I performed this analysis on 
pnr>AmunRFP and sr>AmunRFP nota. For control nota, I crossed UAS-myr-mRFP (a 
myristylated monomeric RFP, ANDERSEN et al. 2005) to pnr-Gal4 and sr-Gal4 flies and 
dissected critical class progeny. The pattern of Achaete expression was compared in nota 
overexpressing Amun::RFP with that in control nota overexpressing mRFP .  
 
I first dissected nota at 6 hrs APF at 25° C, when Achaete expression is strongly 
detected in rows 1 and 5 in microchaeta proneural groups (Figure 3.13A). At 6 hrs APF, 
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stripes of Achaete-positive cells are detected in regions of control nota expressing mRFP 
(Figure 3.13B). In contrast, no Achaete-positive cells are detected in the sr expression 
domain (rows 2-4) following expression of Amun::RFP (Figure 3.13C). Similar results 
were seen with expression of Amun::RFP under control of pnr-Gal4, which drives in all 
five medial rows within which microchaetae develop (data not shown). These results 
suggest that the loss of microchaetae shown in Figure 3.9C is due to the absence of SOP 
proneural groups. Interestingly, we observed that loss of Achaete immunolabeling is not 
limited to the expression domain of sr-Gal4 in the medial hemi-notum at 6 hr APF, 
namely rows 2-4 in which Amun is overexpressed, but also occurs in the cells 
immediately adjacent to the expression domain, in rows 1 and 5 (Figure 3.13C, 
arrowheads). This result may be due to either of two possibilities. First, this effect may be 
due to a slower rate of notal development due to Amun overexpression. Second, Amun 
overexpression may down-regulate Achaete expression in a cell non-autonomous manner. 
To address the first possibility, I dissected nota at a later developmental stage, 9 hrs APF 
at 25° C, and stained for Achaete. As expected, Achaete-positive cells are detected in 
regions of control nota expressing mRFP (Figure 3.14A). In contrast, while Achaete 
protein levels are severely reduced within the sr expression domain (rows 2-3), as 
expected, Achaete expression was observed in rows of cells immediately flanking the sr 
expression domain (Figure 3.14B), consistent with the observed development of 
microchaetae in medial notal rows 1 and 5. These results imply that Amun 
overexpression downregulates Achaete in a cell-autonomous fashion, and that at 6 hrs 
APF, the sr>Amun::RFP nota exhibit slower development compared to control nota. 
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To confirm that the downregulation of Achaete by Amun overexpression is cell-
autonomous, I overexpressed Amun randomly throughout the wing disc, in gain-of-
function clones (Glittenberg et al. 2006) under control of the Act5C-Gal4 driver. Adults 
developing from larvae with gain-of-function clones exhibit numerous small patches of 
notal microchaeta loss (data not shown). Immunohistochemical analysis of clones in 
pupae reveals reductions in Achaete levels in cells that express Amun::RFP within 
microchaeta proneural groups (Figure 3.15 arrowheads). At clone borders, strong 
Achaete staining is frequently detected in wild type cells directly adjacent to Amun::RFP-
positive cells, which generally lack Achaete expression (Figure 3.15, arrows). These 
observations indicate that overexpression of Amun exerts cell-autonomous effects on 
Achaete protein levels. This effect could reflect direct action of Amun on Achaete levels 
or an indirect action of Amun via other factors that regulate Achaete levels in the notum 
(see Discussion).  
 
g. Amun-induced bristle loss can be rescued by co-expression of Achaete 
My data demonstrate that Achaete expression is severely reduced when Amun is 
overexpressed in the notum. We reasoned that this specific overexpression-induced 
defect could shed light on the molecular mechanism of Amun as a transcriptional 
regulator. If the loss of microchaetae observed in adult nota is due to Amun-dependent 
repression of Achaete, then co-expression of Achaete should rescue this phenotype. 
Indeed, we find that co-overexpression of Amun::RFP and Achaete results in a 
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significant restoration of the microchaetae development that is inhibited in 
pnr>Amun::RFP nota (Figure 3.16C). This result implies that loss of microchaete 
induced by Amun overexpression is caused by loss of Achaete expression. Importantly, 
this finding suggests that Amun, when overexpressed, can cause cell fate specification 
defects specifically through repression of Achaete. 
 
h. Reduction of Amun levels does not cause an apparent increase in Achaete protein 
levels   
Since overexpression of Amun causes reductions in Achaete expression levels, we 
asked whether reduction in Amun levels can cause the converse, namely an increase in 
Achaete expression levels. Toward this goal, I crossed UAS-AmunRNAi to sr-Gal4, 
dissected nota 6-7 hr APF and stained for Achaete. In contrast to Amun overexpression, 
reduction of Amun expression using the sr-Gal4>AmunRNAi genotype causes 
development of smaller and disorganized microchaetae, but does not cause any apparent 
changes in microchaeta number, as might be expected if loss of Amun affected Achaete 
levels. Indeed, we could not detect any overt changes in notal Achaete immunolabeling 
following knockdown of Amun using sr-Gal4 (Figure 3.17B). This observation suggests 
that Amun is required for proper microchaeta development, but is not required to specify 
the correct number of microchaetae via an Achaete-dependent mechanism.  
 
5. Amun may function within a multicomponent molecular complex 
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To gain further insight into the function of Amun, we sought to identify its 
potential binding partners, using mass spectrometry. We cloned full-length Amun into an 
expression vector containing a metallothionein promoter (KLUEG et al. 2002), to induce 
expression of the open reading frame in tissue culture, and C-terminal HA and FLAG 
tags to use in pull-down experiments. In collaboration with Dr. Robert A. Obar, director 
of Drosophila Proteomics at the Harvard Medical School, our construct was expressed in 
Drosophila cultured cells (S2 cells) and immunoprecipitated using an anti-HA antibody 
(HARLOW 1988). Preliminary results of mass spectrometry performed on the resultant 
immunoprecipitate reveal that Amun physically interacts with seven proteins, all of 
which have undergone little or no molecular characterization to date, according to 
FlyBase annotation (FlyBase, Version FB2009_03). These seven proteins and their 
annotated functions are: CG17293, microtubule severing; CG11200, cell metabolism; 
CG33116, lipid metabolism; Arginine methyltransferase 8 (Art8), amino acid 
methylation; CG14476, carbohydrate metabolism; CG16711, unknown; and Glycoprotein 
93, protein folding and DNA metabolism.  
 
We were interested in investigating potential impacts on microchaetae 
development in the adult notum of reducing expression of a member of this putative 
complex, other than Amun. Specifically, we decided to examine the effects of the barely 
characterized protein Art8, using two separate UAS-Art8-RNAi lines obtained from the 
VDRC. I crossed both UAS-Art8-RNAi fly lines to the sr-Gal4 driver and scored F1 
progeny for phenotypic differences in the critical class. I was looking, in particular, for a 
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bristle phenotype similar to that observed with AmunRNAi expression, namely, smaller 
bristles. However, no alteration of phenotype was apparent in critical class flies; bristle 
development was normal within the sr expression domain (data not shown). Clearly, 
further studies will have to be conducted to confirm that these seven proteins are 
members of an "Amun complex" and to understand the functional relevance of the 
individual members of this putative complex. 
 
C. DISCUSSION 
1. The function of Amun during Drosophila sensory organ development 
A number of our results suggest that Amun is required for cell fate determination 
during Notch-mediated bristle organ development. Reduction of Amun function and 
Amun protein overexpression in the developing notum, using several Gal4 drivers 
including pnr, ptc, sca, and sr, generate mechanosensory organ defects during 
microchaeta and macrochaeta development. Substantial loss of microchaetae is observed 
in the nota of adults that express Amun under pnr-Gal4 or sr-Gal4 control during 
development. Immunohistochemical analysis of the developing nota and the Achaete 
expression rescue experiments demonstrate that this loss of microchaetae is due to loss of 
the bHLH transcription factor Achaete. The expression patterns of the proneural proteins 
Achaete and Scute are best-characterized for the dorsocentral macrochaetae, for which 
cis-regulatory elements drive the expression of these genes in specific patterns to 
establish proneural clusters (reviewed in Calleja et al. 2002; Modolell and Campuzano 
1998). These enhancer elements are thought to be activated directly by members of 
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several signaling pathways, including Decapentaplegic and Wingless, as well as by other 
factors including Pannier (Pnr), Daughterless (Da), Chip, and members of the Iroquois 
complex (Araucan and Caupolican) (reviewed in Bertrand et al. 2002). The expression of 
achaete/scute is antagonized by several factors including U-shaped and dCtBP, which 
both bind Pnr to form a transcriptional co-repressor complex (Biryukova and Heitzler 
2008; Cubadda et al. 1997; Sato and Saigo 2000; Stern et al. 2008); Extramacrochaetae 
(Emc), which forms a heterodimer with Da to inactivate it (Ellis et al. 1990; van Doren et 
al. 1991); and the E(spl)-C proteins, which are downstream targets of Notch signaling (de 
Celis et al. 1996). In microchaeta proneural groups, Achaete is also known to be 
repressed by Hairy (Ohsako et al. 1994; van Doren et al. 1994). We demonstrate that the 
effect of Amun overexpression on Achaete levels is cell-autonomous, suggesting that the 
action of Amun on achaete expression could be direct. However, while it is tempting to 
speculate that Amun regulates Achaete levels by directly binding to cis-regulatory 
elements that affect achaete expression, we cannot rule out the possibilities that Amun 
functions by repressing expression of an activator of achaete (e.g., Da or Chip), by 
activating expression of a repressor of achaete (e.g., Emc or Hairy) or by destabilizing 
the achaete mRNA. 
 
 Reductions in Amun function by RNA interference result in small and 
disorganized microchaetae. In contrast to the Amun overexpression phenotype, the small 
microchaeta phenotype is not easily attributable to changes in Achaete expression, given 
that Achaete has no known roles in bristle development beyond SOP specification. It has 
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been shown that bristle shaft size can be correlated with several processes. First, the shaft 
and socket cells both undergo endoreplication to form polyploid nuclei that are required 
to form the elongated shaft structure. The degree of endoreplication has been correlated 
with shaft size (Edgar and Orr-Weaver 2001; Weng et al. 2003). Second, shaft length can 
be affected by mutations in genes affecting actin bundle formation necessary for proper 
elongation of the shaft (Tilney et al. 2000). Third, there is a period of rapid protein 
synthesis during sensory bristle development that enables the shaft and socket cells to 
generate the high levels of protein required for the development of the socket and shaft 
structures (Lambertsson 1998; Marygold et al. 2007). Genes necessary for this process 
include small bristles (which exports mRNA from the nucleus into the cytoplasm, Korey 
et al. 2001) and the Minute loci (genes encoding ribosomal proteins,  LAMBERTSSON 
1998; MARYGOLD et al. 2007; SAEBOE-LARSSEN et al. 1998), which can affect bristle 
shaft length. However, preliminary data suggest that Amun is unlikely to affect 
endoreplication. We measured nuclei of microchaetae that develop in regions of the 
notum expressing AmunRNAi under control of the sr-Gal4 driver and found no consistent 
effects on nuclear size as compared to the nuclei of cells of microchaetae in regions 
devoid of AmunRNAi (A.L. Parks, data not shown). We therefore favor the notion that 
Amun may be required for transcriptional regulation of specific genes involved in growth 
and elongation of the shaft, or for the elevated levels of mRNA and protein synthesis 
required for shaft morphogenesis. 
 
2. Amun as a DNA glycosylase and transcriptional regulator 
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These findings, together with the identification of Amun as a nuclear protein with 
a putative DNA glycosylase domain, are consistent with the hypothesis that Amun 
functions as a transcriptional regulator. While DNA glycosylases are best known for 
repair of damaged and mis-matched bases, recent work indicates they also play roles in 
transcriptional regulation. For instance, the mammalian DNA glycosylase Thymine DNA 
Glycosylase (TDG) acts as a transcriptional co-activator when bound to CREB-binding 
protein (CBP) and p300 (Tini et al. 2002), which enhances CBP-activated transcription in 
cell culture (Cortazar et al. 2007); and it also acts as a transcriptional co-repressor when 
bound to thyroid transcription factor-1 (TTF1), which represses TTF1-activated 
transcription in cell culture (Cortazar et al. 2007; Kovtun and McMurray 2007). In 
addition, the Arabidopsis DNA glycosylase DEMETER is required to activate expression 
of the maternal MEDEA allele, an imprinted maternal gene essential for viability (Choi et 
al. 2002). Considered in light of these studies, the nuclear localization of Amun is 
suggestive of a function for Amun as a transcriptional regulator.  
  
In summary, we demonstrate that Amun is a nuclear protein that is essential for 
organismal viability and proper cell fate specification in Drosophila tissues, including the 
developing eye and mechanosensory organs. The loss-of-function and gain-of-function 
phenotypes we observe for Amun in imaginal discs imply that Amun acts in the 
development of the eye and bristle sensory organs. Because the sequence of Amun 
includes a putative DNA glycosylase domain, we reason that Amun may act as a 
transcriptional regulator, as previously demonstrated for other DNA glycosylases (e.g., 
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TDG and DEMETER), during Drosophila development. Further characterization of 
Amun is necessary to identify its distinct transcriptional targets and pathways on which it 
may act, and to determine whether it functions as a DNA glycosylase during Drosophila 
development. 
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Figure 3.1. The shading in gray denotes the genomic location of P{XP}d03329 in the 
genome. P{XP}d03329 contains a UAS cassette on each end of the transposon, 
potentially inducing overexpression of both flanking genes: CG2446 (Amun) and 
CG1837. EP(X)1503 is located upstream of the open reading frame of CG2446, 
potentially inducing overexpression of the full-length protein. EP(X)1503 has been 
recovered as a modifier from previous Notch pathway screens (ABDELILAH-SEYFRIED et 
al. 2001; MULLER et al. 2005). 
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Figure 3.1.  A genome snapshot from Flybase (Version, FB2009_02) with locations of P{XP}d03329 and EP(X)1503 depicted 
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Figure 3.2. (A-C) Effects of Amun overexpression on the cone cell phenotype induced by 
the GMR>DeltaWT/+ genotype. Retinas were stained with anti-Cut antibody (green) to 
detect cone cells at 24 hr APF. (A) A GMR>DeltaWT/+ retina exhibits a disorganized 
array of ommatidia with an average of 3.33 cone cells per ommatidium. (B) A 
P{XP}d03329/+;GMR>DeltaWT/+ retina exhibits suppression of the GMR>DeltaWT/+ 
cone cell phenotype, increasing the average to 3.5 cone cells per ommatidium. (C) A 
GMR>DeltaWT/+;UAS-AmunWT/+ retina exhibits greater suppression of the 
GMR>DeltaWT/+ cone cell phenotype, as compared to (B), increasing the average to 
3.73 cone cells per ommatidium (p<0.005 in comparison to GMR>DeltaWT/+). (D) 
Graphical depiction of the proportional representation of ommatidia with 2, 3, 4 or 5 cone 
cells. The percentage of ommatidia with 4 cone cells is greater for 
P{XP}d03329/+;GMR>DeltaWT/+ and GMR>DeltaWT/+;UAS-AmunWT/+ retinas than 
for GMR>DeltaWT/+ retinas. The symbol * denotes a statistically significant difference 
in average cone cells per ommatidium, as compared to GMR>DeltaWT/+.  
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Figure 3.2. Overexpression of Amun suppresses the GMR>DeltaWT/+ cone cell 
phenotype  
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Figure 3.3. Alignment of Amun protein sequences from a variety of multicellular 
organisms reveals a conserved DNA glycosylase domain and a non-conserved coiled-coil 
domain (region shaded gray). Alignment of the entire D. melanogaster Amun protein 
(550 amino acids) and protein sequences found in Drosophila simulans (GD15978), 
Zebrafish (Zgc:112496), Xenopus (LOC100145131), Horse (LOC100066977), Cow 
(LOC516108), and Opossum (LOC100020910). Letters highlighted in blue are amino 
acids conserved in at least three species. Letters highlighted in yellow are amino acids 
completely conserved among all six species. Letters highlighted in red are amino acids 
highly conserved within the DNA glycosylase domain.  
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Figure 3.3. Alignment of Amun orthologs from a variety of multicellular organisms 
reveals significant conservation in the amino-terminal domain of the protein 
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Figure 3.4. Comparison of the Amun helix-hairpin-helix (HhH) putative DNA 
glycosylase domain to a domain conserved among known DNA glycosylases. Sequences 
used: MPG, H. sapiens; MutY, H. sapiens; Pdg, M. tuberculosis; AlkA, B. subtilis; 
OGG1, D. melanogaster; Ogg1, H. sapiens; Nth1, D. melanogaster; Nth1, H. sapiens. 
There is little sequence similarity among these proteins; however, they share a conserved 
DNA-binding motif that consists of two α-helices (purple cylinders denote the 
approximate locations of these helices) connected by a hairpin loop with the consensus 
sequence LPG(V/I)G, followed by a G/P-rich region (green highlights) and a catalytically 
active aspartic acid (D) residue (red highlight). The conserved H/N residue (blue 
highlight, following the catalytic D residue) differentiates between monofunctional (N) 
and bifunctional (H) glycosylases (DIZDAROGLU 2005). 
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Figure 3.4. Amun contains a putative DNA glycosylase domain 
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Figure 3.5. (A) Amun::RFP expressed in the Drosophila melanogaster third larval instar 
salivary gland under control of the dpp-Gal4 driver exhibits nuclear localization, as 
reflected by its colocalization with the DNA-specific dye Vybrant Green (A’) (image 
courtesy of Marisa Osswalt, Boston College). Amun::RFP exhibits apparent nuclear 
localization in the wing-notal disc (B) and eye-antennal disc (C) when expresssed under 
control of the dpp-Gal4 driver. 
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Figure 3.5. Amun localizes to nuclei in Drosophila salivary glands and imaginal discs 
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Figure 3.6. Third larval instar wing/notal imaginal discs. (A) A pannier-Gal4 UAS-
Amun::RFP/+ (pnr>Amun::RFP) disc. Overexpression of Amun::RFP can be detected 
via RFP expression (red) in the pnr expression domain. (B) A UAS-
AmunRNAi/+;pnr>Amun::RFP/+ (UAS-AmunRNAi;pnr>Amun::RFP) disc. AmunRNAi 
successfully diminishes Amun::RFP expression, as seen by the substantial reduction in 
the Amun::RFP signal within the pnr expression domain. 
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Figure 3.6. AmunRNAi effectively reduces Amun::RFP protein expression 
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Figure 3.7. (A) An eyeless-Gal4 adult eye (homozygous driver on chromosome II) used 
as a control wildtype eye. (B) An AmunRNAi/+;eyeless-Gal4/+ adult eye has a reduced 
size as compared to the wildtype eye. 
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Figure 3.7. Reduction of Amun levels in the eye causes a smaller eye, demonstrating a 
role for Amun during eye development 
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Figure 3.8. Reduction of Amun levels in the notum causes bristle defects. (A) A wildtype 
adult notum. There are ten organized medial rows of notal microchaetae including and 
between the two rows containing the dorsocentral macrochaetae (aDC and pDC). (B-E) 
Loss-of-function phenotypes that result from UAS-AmunRNAi expression (all crosses 
were set at 27°C, unless otherwise noted). (B) A UAS-AmunRNAi/+;UAS-
Dicer2/scabrous-Gal4 notum exhibits loss of aDC, aSC (arrow), and pSC macrochaetae. 
(C) A UAS-AmunRNAi/+;UAS-Dicer2/patched-Gal4 notum exhibits loss of aDC, pDC 
(arrow), and aSC (arrow) macrochaetae, as well as misplacement of aSC macrochaetae 
(arrowhead). (D) A UAS-AmunRNAi/+;UAS-Dicer2/+;stripe-Gal4/+ notum exhibits 
smaller microchaetae within the stripe expression domain. Inset shows a magnified view 
of the medial notum. (E) A UAS-AmunRNAi/+;UAS-Dicer2/+;pannier-Gal4/+ notum 
(25°C) displays smaller microchaetae and misplaced aDC macrochaetae (arrowhead). 
Inset shows a magnified view of the medial notum. Abbreviations: aDC, anterior 
dorsocentral; pDC, posterior dorsocentral; aSC, anterior scutellar; pSC, posterior 
scutellar.  
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Figure 3.8. Reduction of Amun levels in the notum causes bristle defects 
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Figure 3.9. Adult nota. (A) A wildtype notum. There are ten organized rows of medial 
notal microchaetae including and between the two rows containing the dorsocentral 
macrochaetae (aDC and pDC). (B-D) Overexpression phenotypes caused by Amun::RFP 
(crosses set at 27°C). (B) A patched-Gal4/+;UAS-Amun::RFP/+ notum exhibits loss of 
aSC (arrow) and pSC macrochaetae. (C) A stripe-Gal4/UAS-Amun::RFP notum exhibits 
severe loss of microchaetae in stripes 2 and 3. (D) A pannier-Gal4 UAS-Amun::RFP/+ 
notum exhibits severe loss of microchaetae across the central notum, including the aDC 
macrochaetae, and display misplaced aSC. Abbreviations: aDC, anterior dorsocentral; 
pDC, posterior dorsocentral; aSC, anterior scutellar; pSC, posterior scutellar.  
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Figure 3.9. Overexpression of Amun causes defects in bristle development 
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Figure 3.10. Adult nota. (A) A UAS-AmunRNAi/+;UAS-Dicer2/+;pnr-Gal4/+ notum 
(27°C) displays a severe notal fusion defect with a central necrotic region, smaller and 
disorganized microchaetae, misplaced macrochaetae and no scutellum. (B) A pnr-Gal4 
UAS-Amun::RFP/+ notum (25°C) displays a severe microchaeta loss across the central 
notum, from stripe 1 to stripe 4. (C) A UAS-AmunRNAi/+;pnr-Gal4 UAS-Amun::RFP/+ 
(25°C) notum. Co-expression of Amun::RFP and AmunRNAi rescues the AmunRNAi-
induced loss-of-function phenotype (smaller microchaetae) shown in (A) and the 
Amun::RFP-induced gain-of-function phenotype (microchaeta loss) shown in (B).  
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Figure 3.10. The AmunRNAi-induced thin bristle shaft phenotype is rescued by Amun 
overexpression 
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Figure 3.11. Development of the bristle sensory organ. Notch signaling is required for the 
development of the sensory bristle organ. Bristle organ development is initiated within 
groups of developmentally equivalent proneural cells that express equal levels of Notch 
and Delta, respectively. The sensory organ precursors (SOPs) are singled out, and Delta 
signals from the SOP to Notch in neighboring cells, preventing them from adopting the 
SOP fate. The SOP subsequently divides into two cells, pIIa and pIIb. Delta in pIIb 
signals to Notch in pIIa, inhibiting it from adopting the pIIb fate. The pIIa cell undergoes 
a final division to form the shaft and socket cells, while the pIIb cell divides to form a 
glial cell and pIIIb. Finally, pIIIb divides to form the neuron and sheath cells. Notch 
signaling also occurs between the shaft and socket cells and between the neuron and 
sheath cells, respectively, to inhibit adoption of the shaft fate by the socket cell and the 
neuronal fate by the sheath cell.  
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Figure 3.11. Development of the bristle sensory organ  
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Figure 3.12. (A, B) Nota aged 31 hr APF (27°C), stained with Mab22C10 to assess the 
presence or absence of neurons and shaft cells. (A) A wildtype notum has organized rows 
of microchaeta neurons and shaft cells. (B) A pnr-Gal4 UAS-Amun::RFP/+ notum lacks 
staining for neurons within the pnr expression domain, indicating that the absence of 
external shafts is not due to the transformation of shaft/socket cells into neurons. (C, D) 
Nota aged 15 hr APF (27°C) stained for β-galactosidase activity. The neur A101 lacZ 
insertion in the neuralized gene (BELLEN et al. 1989) is used to mark sensory organ 
precursors (SOPs). (C) A neur A101 notum exhibits wildtype rows of microchaete SOPs. 
(D) A pnr-Gal4 UAS-Amun::RFP/neurA101 notum lacks SOPs within the pnr expression 
domain. 
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Figure 3.12. Loss of microchaetae in the pnr>Amun::RFP genotype is due to loss of 
bristle sensory organ precursor cells 
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Figure 3.13. (A) A sketch depicting the expression domain of sr in 6-7 hr APF nota. The 
regions highlighted in red depict RFP expression in the confocal images. Green circles 
indicate rows of Achaete expression. Microchaeta rows 1 and 5 and the positions of the 
aDC and pDC macrochaetae are indicated. (B-C) A 6-7 hr APF notum (27°C) stained 
with anti-Achaete antibody (green). (B, B’, B’’) A sr-Gal4/UAS-mRFP notum. RFP (red) 
signal indicates the expression of mRFP within the sr domain. Achaete positive cells 
(arrows, green) are clearly present, and mark the proneural groups during this 
developmental stage. (C, C’, C’’) A sr-Gal4/UAS-Amun::RFP notum displays an absence 
of Achaete-positive cells (arrows) within the sr expression domain, where Amun::RFP is 
expressed (red). Achaete is also absent immediately flanking the sr domain (arrowheads).
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Figure 3.13. Amun overexpression leads to reduced Achaete protein expression in 
developing nota at 6-7 hr APF 
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 Figure 3.14. Amun overexpression leads to reduced Achaete protein expression in 
developing nota at 9 hr APF nota that is limited to regions of Amun overexpression.  
(A-B) Nota aged 9 hr APF (27°C) stained with anti-Achaete antibody (green). (A, A’, 
A’’) A sr-Gal4/UAS-myr::mRFP notum. RFP (red) signal indicates expression of mRFP 
within the sr domain. Achaete-positive cells (arrows) mark the microchaeta proneural 
groups during this developmental stage. (B, B’, B’’) A sr-Gal4/UAS-Amun::RFP notum 
exhibits severe reduction or absence of Achaete expression (arrowheads) within the sr 
expression domain, where Amun::RFP is overexpressed, and rows of Achaete-expressing 
cells immediately flanking the sr expression domain.  
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Figure 3.14. Amun overexpression leads to reduced Achaete protein expression in 
developing nota at 9 hr APF nota that is limited to regions of Amun overexpression 
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Figure 3.15. (A, A’, A’’) Amun::RFP is overexpressed randomly throughout the notal 
disc in Act5C-Gal4 gain-of-function clones. A 6-7 hr APF notum stained with anti-
Achaete antibody. Achaete protein levels are down-regulated in cells in which 
Amun::RFP is overexpressed (arrowheads). Achaete-positive cells are present 
immediately adjacent to cells that express Amun::RFP (arrows).  
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 Figure 3.15. Achaete levels are downregulated in Amun gain-of-function clones in a 
cell-autonomous manner 
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Figure 3.16. Adult nota. (A) A wildtype notum. (B) A pnr-Gal4 UAS-Amun::RFP/+ 
notum displays a severe loss of microchaetae. (C) A UAS-Achaete/+;pnr-Gal4 UAS-
Amun::RFP/+ notum. Overexpression of Achaete rescues the Amun::RFP 
overexpression phenotype (microchaeta loss) shown in (B), implying that loss of 
microchaetae occurs as a result of repression of Achaete function.   
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Figure 3.16. Loss of microchaetae due to Amun overexpression is rescued by 
overexpression of Achaete 
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Figure 3.17. A 6-7 hr APF notum stained with anti-Achaete antibody (green). (A) A sr-
Gal4/UAS-myr-mRFP notum displays strong Achaete staining across the developing 
notum. (B) A UAS-AmunRNAi/+;sr-Gal4/+ notum does not display any apparent 
changes in medial notum Achaete immunolabeling, suggesting that reductions in Amun 
protein levels do not affect Achaete protein levels. 
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Figure 3.17. Reduction of Amun levels using AmunRNAi does not have any apparent 
effects on levels of Achaete protein expression 
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Table 3.1. Overexpression of Amun under control of sca-Gal4 results in bristle defects in 
the notum. A set of 32 Amun-containing transgenic lines were crossed to sca-Gal4 to 
examine phenotypic differences in macrochaetae in the notum. A total of 30 progeny 
were assessed and penetrance was determined for each critical class genotype. The 
phenotype includes missing macrochaetae and extra macrochaetae, shaft to socket 
transformation, short shafts, and misplaced shafts, and in one line (2.66.3), some of the 
microchaetae were also missing. *UAS-Amun::RFP 2.66.3 yielded the highest penetrance 
and was subsequently used in downstream analyses. 
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Table 3.1. Overexpression of Amun under control of sca-Gal4 results in bristle defects in 
the notum 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
UAS-
Amun::HA 
No. of progeny 
with bristle 
defects/30 
3.7.1 10 
3.15.1 7 
3.20.1 9 
3.23.1 3 
 
 
 
 
 
 
UAS-
Amun::RFP 
No. of progeny 
with bristle 
defects/30 
2.2.1 11 
2.9.1 16 
2.10.3 10 
2.13.3 1 
2.14.1 21 
2.25.2 22 
2.26.1 23 
2.30.1 14 
2.31.1 13 
2.31.2 26 
2.34.1 28 
2.38.1 15 
2.38.2 15 
2.39.1 30 
2.43.2 24 
2.48.1 26 
2.57.2 25 
2.66.2 28 
*2.66.3 30 
2.66.4 21 
2.76.1 29 
UAS-
AmunWT 
No. of progeny 
with bristle 
defects/30 
1.9.1 18 
1.23.3 17 
1.28.1 7 
1.47.2 15 
1.53.1 28 
1.53.2 18 
1.53.4 8 
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Table 3.2. Ectopic Amun expressed in different tissues results in a bristle defects. UAS-
Amun::RFP (2.66.3) was crossed to 22 Gal4-drivers that direct expression at different 
developmental stages and in various Drosophila tissue. Bristle phenotypes were observed 
using several different drivers. Abbreviations: aDC,  anterior dorsocentral; pDC, 
posterior dorsocentral; aSC, anterior scutellar; pSC, posterior scutellar; no modification: 
no modification observed in critical class progeny. *See Figure 3.7A for a labeled image 
of an adult wildtype notum. See Materials and Methods for Gal4 driver references. 
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Table 3.2. Ectopic Amun expressed in different tissues results in a bristle defects 
Driver (simplified genotype) UAS-Amun::RFP (2.66.3) 
1348-Gal4 no modification 
24B-Gal4 0 critical class, n= 46  
34B-Gal4  no modification 
31-1-Gal4/TM6C no modification 
389-Gal4 no modification 
30A-Gal4 no modification 
Act5C-Gal4/CyO  0 critical class, n= 87 
C179-Gal4 no modification 
D42-Gal4/TMs, Sb, e no modification 
Dll-Gal4[MD23]/CyO no modification 
dpp-Gal4/TM6B no modification 
en2.4-Gal4[e22c]/SM5  no modification 
ey-Gal4/CyO no modification 
elav[C155]-Gal4 
4 out of 21 critical class individuals possess 
extra macrochaetae 
neur-Gal4/TM3 
6 out of 7 critical class individuals are missing 
DC or SC macrochaetae 
omb-Gal4[MD653]/FM7 no modification 
*pnr-Gal4[MD237]/TM3 
severe loss of microchaetae and enhanced 
notal fusion defect 
*ptc-Gal4[559.1] 
out of 43 critical class individuals, at least 1 is 
missing aSC, 11 are missing aSC and pSC, 5 
are normal 
*sr-Gal4[MD710] 
severe loss of microchaetae in sr expression 
domain 
Ser[2]-Gal4 no modification 
ve-Gal4 no modification 
vg-Gal4 extra macrochaetae 
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CHAPTER IV 
FUNCTIONAL ANALYSIS OF SPECIFIC LYSINE RESIDUES IN THE DELTA 
INTRACELLULAR DOMAIN 
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A. INTRODUCTION 
1. The structure of the Delta protein 
Delta is a Type 1, single-pass transmembrane ligand that is 833 aa long and has a 
predicted molecular weight of 88.8 kDa (KOPCZYNSKI et al. 1988). The gene is 
cytologically located on chromosome 3R at position 92A1-92A2 (Flybase, Version 
FB2009_02). The Delta extracellular domain (DeltaECD) includes three main features: 
the N-terminal domain, a Delta/Serrate/LAG-2 (DSL) domain (TAX et al. 1994) and 
multiple tandem epidermal growth factor-like repeats (ELRs) (D'SOUZA et al. 2008). The 
DSL domain, as the name implies, is conserved amongst several other Notch ligands 
including the Drosophila ligand Serrate, the C. elegans ligand LAG-2, and the human 
ligands Jagged1, Jagged2, Delta-like1 and Delta-like4 (D'SOUZA et al. 2008). The DSL 
domain, along with the N-terminal domain, has been shown to be required for Delta-
Notch interaction (FLEMING 1998; HENDERSON et al. 1997; PARKS et al. 2006) and for 
ligand subcellular trafficking (LU et al. 2003; PARKS et al. 2006). ELRs are also found in 
the Notch extracellular domain (NotchECD), as well as in other Notch ligands, including 
Drosophila Serrate, Xenopus Delta-2, mammalian Jagged1 and Jagged2, and mammalian 
Delta-like1, Delta-like3 and Delta-like4 (D'SOUZA et al. 2008). The number of ELRs 
varies significantly amongst different Drosophila and non-Drosophila ligands. For 
instance, the mammalian ligands Jagged1 and Jagged2 have almost twice the number of 
ELRs (17 repeats) as Drosophila Delta (nine repeats), while the C. elegans ligand LAG-2 
has only two ELRs (D'SOUZA et al. 2008). A subset of ELRs are thought to be modifiable 
by O-fucosylation or O-glycosylation, and mutations in some of these ELRs can result in 
  151
Delta proteins that do not traffick properly (PARKS et al. 2006). In addition, ELRs possess 
multiple cysteine residues that are thought to create molecular surfaces, through disulfide 
bonding, that mediate Delta-Delta interactions and Delta-Notch interactions (PARKS et al. 
2006). Missense mutations in cysteine residues in several ELRs are associated with Delta 
loss-of-function phenotypes (MAHONEY et al. 2006; PARKS et al. 2006). For instance, in a 
screen for modifiers of Presenilin and Notch signaling, five Delta loss-of-function 
alleles, which included cysteine missense mutations in ELRs 4, 6, 7, 8 and 9, were 
identified as modifiers,  (MAHONEY et al. 2006). Furthermore, work completed by our 
laboratory identified one cysteine residue in ELR2 that is necessary for Delta-Notch 
interaction and a second cysteine residue in ELR3 that, when mutated, substantially 
decreases Delta-Notch aggregation, but does not abolish it (PARKS et al. 2006). 
Therefore, the DeltaECD is essential for multiple functions of the ligand, including Notch 
binding and ligand trafficking. 
 
In contrast to the DeltaECD, the Delta intracellular domain (DeltaICD) lacks 
obvious sequence homology with other DSL ligands; however, the intracellular domains 
of most vertebrate and invertebrate DSL ligands include multiple lysine residues, which 
are conserved amongst invertebrate Delta orthologs (Figure 4.1). Although the DeltaICD 
is not required for Delta-Notch binding (PARKS et al. 2006), it is later required for 
internalization of the ligand-bound NECD into the Delta-expressing cell, via a 
mechanism known as trans-endocytosis (NICHOLS et al. 2007b; PARKS et al. 2000). 
Trans-endocytosis of the NotchECD is permissive for a series of proteolytic cleavages of 
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membrane-tethered Notch, resulting in the release of the Notch intracellular domain 
(NotchICD) from the cell surface into the cytoplasm, where it then translocates to the 
nucleus and activates target genes (PORTIN 2002). Lysine residues in the DeltaICD are 
thought to be potential sites for mono-ubiquitylation, which serves as an endocytic 
internalization signal, as opposed to poly-ubiquitylation, which is generally thought to 
target a protein for degradation (see below) (HICKE 2001). Recent studies have 
demonstrated an essential role for two E3 ubiquitin ligases, Neuralized (Neur) and Mind 
bomb1 (Mib1), during the internalization of Delta from the cell surface into intracellular 
endocytic compartments (KOO et al. 2005; LAI et al. 2001; LAI et al. 2005; LE BORGNE et 
al. 2005b; LE BORGNE and SCHWEISGUTH 2003a; LE BORGNE and SCHWEISGUTH 2003b; 
PITSOULI and DELIDAKIS 2005; WANG and STRUHL 2005). Additionally, studies 
published by Wang and Struhl (2004) reported a requirement for Drosophila Epsin 
(Liquid facets, a protein that contains a ubiquitin-interacting motif) for Notch signaling, 
presumably for directing the ligands Delta and Serrate into a “recycling” compartment to 
acquire signaling activity. Taken together, these studies have implicated ubiquitylation 
and endosomal sorting of Notch ligands as requirements for proper ligand signaling 
activity.  
 
2. Ubiquitin, ubiqutin ligases and ubiquitylation 
Ubiquitin is a highly conserved 76 amino acid polypeptide that is covalently 
attached to lysine residues in target proteins by the process of ubiquitylation (WEISSMAN 
2001). Ubiquitylation occurs via a stepwise process that involves three enzymes: first, a 
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ubiquitin-activating enzyme (E1) activates and transfers a ubiquitin molecule to a 
ubiquitin-conjugating enzyme (E2). Then, a ubiquitin ligase (E3) transfers the ubiquitin 
molecule from E2 onto a substrate. This process is thought to be substrate-specific, so 
that each E3 ubiquitin ligase attaches a ubiquitin molecule to its specific substrates. Post-
translational modification of a specific substrate by ubiquitin can occur in at least three 
distinct modes, with each mode regulating a different cellular process. 
Monoubiquitylation is the addition of a single ubiquitin molecule to a substrate. It was 
first observed in yeast studies as an endocytic signaling mechanism (TERRELL et al. 
1998), and it was later found to be involved in the sorting of plasma membrane proteins 
into intracellular endosomes (HAGLUND et al. 2003). Polyubiquitylation is the successive 
addition of multiple ubiquitin molecules, typically four, to a single lysine residue of a 
protein, forming a chain of ubiquitin molecules. This modification targets the protein for 
degradation by the proteasomal machinery. Finally, multiubiquitylation is the addition of 
multiple single ubiquitin molecules to multiple lysine residues within a single substrate. 
This process is generally involved in endocytosis and membrane trafficking (HAGLUND et 
al. 2003).  
 
We, and others, have demonstrated the requirement for lysine residues in the 
DeltaICD for proper signaling activity (GLITTENBERG et al. 2006; PARKS et al. 2006; 
WANG and STRUHL 2004). In 2006, our laboratory published work that described a series 
of mutations found in several Delta loss-of-function alleles assessed for the abilities of 
their encoded products to be internalized from the cell surface into intracellular vesicles 
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(PARKS et al. 2006). Those alleles that demonstrated a loss of this ability were termed 
“trafficking-defective.” As noted above, a few of the trafficking-defective alleles were 
found to carry mutations in the DeltaECD, in different ELRs. However, only two alleles 
possessed a mutation in the DeltaICD, in addition to a mutation in the DeltaECD. When 
sequenced, both alleles were found to contain missense mutations that lead to an amino 
acid change in either of two lysine residues, DeltaK688 and DeltaK742. The resultant 
proteins accumulated on the cell surface in Drosophila tissue, and not in vesicles as is 
observed with wild type Delta (DeltaWT) (PARKS et al. 2006). We then reasoned that 
these lysine residues might be sites of Delta monoubiquitylation by the E3 ubiquitin 
ligases Neur and/or Mib1.  
 
Neur and Mib1 are two conserved E3 ubiquitin ligases that are structurally 
distinct, but have been functionally linked to Notch signaling in several different tissues 
in mammalian and Drosophila studies (KOO et al. 2005; LAI et al. 2005; LE BORGNE and 
SCHWEISGUTH 2003a; PITSOULI and DELIDAKIS 2005; SONG et al. 2006; WANG and 
STRUHL 2005). In addition to their fundamentally different sizes and structures, these 
ligases have also been shown to be involved in the development of distinct Drosophila 
tissues. For instance, Neur (but not Mib1) is specifically required during early 
neurogenesis in the embryo (BOULIANNE et al. 1991; LAI et al. 2001; YEH et al. 2001). 
Conversely, Mib1 (but not Neur) is essential for wing vein determination, wing margin 
formation and leg segmentation (LAI et al. 2005; LE BORGNE et al. 2005b). Some tissues, 
however, require the function of both E3 ligases, for example specification of bristle 
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sensory organs in the Drosophila wing and notum, as well as development of the 
Drosophila eye (DEL ALAMO and MLODZIK 2006; LAI et al. 2005; PITSOULI and 
DELIDAKIS 2005). 
   
My final research chapter focuses on the functional investigation of four distinct, 
well-conserved lysine residues in the DeltaICD. I first asked whether the ubiquitylation 
of a specific lysine residue is essential for signaling activity of the ligand. Toward this 
end, I used site-directed mutagenesis to generate single or double lysine-to-
arginine/methionine amino acid substitutions in four individual lysine residues in the 
DeltaICD and tested the signaling activity of the resulting Delta variants. I then asked 
whether ubiquitylation of specific lysine residues is dependent on one or both of the two 
E3 ubiquitin ligases, Neur and/or Mib1. Toward this goal, I overexpressed the variants 
generated to address the first question, in somatic gain-of-function clones, along with 
either Neur or Mib1, and assessed their signaling activities in the presence and absence of 
the E3 ubiquitin ligases.  
 
As mentioned above, my initial efforts were focused on the two lysines correlated 
with trafficking-defective Delta alleles by Parks et al. (2006), DeltaK688 and DeltaK742. 
Based on communications with our collaborators, Katerina Daskalaki and Christos 
Delidakis at the Foundation for Research and Technology, Crete, Greece, and with the 
help of Tachi Zhong, an undergraduate researcher in our group, we extended our studies 
to include two additional, well-conserved lysines, DeltaK636 and DeltaK683. Finally, 
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through independent efforts, Tachi Zhong began investigations of two additional lysines, 
DeltaK629 and Delta775 (Senior Honors Thesis, Boston College, 2009). Our data suggest 
that DeltaK742 is the lysine required for Delta ubiquitylation in the Drosophila wing and 
that this ubiquitylation is mediated by the E3 ubiquitin ligase Mib1. 
 
B. RESULTS 
1. Interspecific alignment of the DeltaICD 
The DeltaICD and the Delta transmembrane domain are comprised of 
approximately 240 aa, and make up 30% of the entire protein. This region of the protein 
exhibits very high conservation among Drosophilid species. However, unlike the 
sequence homology noted above for the DeltaECD, the DeltaICD exhibits very little 
sequence conservation outside the Class Insecta (Figure 4.1). The Delta transmembrane 
domain is followed by a stop-transfer sequence, which contains three lysine residues that 
are not thought to participate in ubiquitylation processes (WANG and STRUHL 2004). 
Interestingly, the alignment of the remainder of the C-terminus reveals highest sequence 
homology in regions surrounding several lysine residues, including DeltaK629, 
DeltaK636, DeltaK683, DeltaK688, DeltaK742 and DeltaK775 (Figure 4.1). In light of 
previously published data, and current work performed by our collaborators, we chose to 
investigate the four lysines noted above (Figure 4.1, residues highlighted in red). 
DeltaK636 was included in my thesis work, despite being conserved in only two Orders 
(Figure 4.1), because results generated by our collaborators show that a Delta construct 
that lacks the region surrounding DeltaK636 (Delta aa 631 to 641) cannot bind Neur, in 
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biochemical assays performed in Drosophila cultured cells (Katerina Daskalaki and 
Christos Delidakis, personal communication). DeltaK683 was included in our studies, 
based on two lines of evidence. First, alteration of the homologous lysine in the 
Drosophila ligand Serrate results in a protein that cannot bind Neur (GLITTENBERG et al. 
2006). Second, our collaborators found that a small deletion in the region that removes 
lysines DeltaK683 and DeltaK688 (Delta aa 682 to 693) yields a protein that loses its 
ability to bind to Mib1, but not Neur (Katerina Daskalaki and Christos Delidakis, 
personal communication). DeltaK688 was therefore also included in our work. 
Additionally, a missense mutation in this residue was correlated with a trafficking-
defective allele in the study performed by Parks et al. (PARKS et al. 2006). Finally, we 
included DeltaK742 because it was correlated with a trafficking-defective allele by Parks 
et al (PARKS et al. 2006), and a Delta deletion variant lacking this residue could not bind 
Mib1 or Neur (Katerina Daskalaki and Chistos Delidakis, personal communication). The 
remaining conserved lysines, DeltaK775 and DeltaK629, are currently being investigated 
by Tachi Zhong (and are not included in my thesis work).  
 
 
2. DeltaK742R and DeltaK742RK688M induce Notch loss-of-function phenotypes when 
overexpressed within the wing margin 
 To study the requirements for specific lysine residues for proper Delta function, we 
performed several site-directed mutagenesis reactions to create single amino acid 
substitutions in four lysine residues: Delta-K636R, -K688M/R, -K683R, and -K742R, as 
well as double substitution variants carrying two of the four mutations: Delta-
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K688MK742R and -K636RK688R. To generate these Delta variants, we used the full-
length coding sequence of Delta containing a Myc epitope tag inserted at an NdeI 
restriction site, following amino acid M833, which is the C-terminal residue of the Delta 
coding sequence (DeltaNdeMyc, Parks, A.L. and M.A.T. Muskavitch, unpublished data). 
Each mutant clone was subsequently ligated into a P element vector downstream of a 
UAS promoter, and transgenic Drosophila stocks were generated. In most experiments, 
two responder lines were used as replicates. As a control for DeltaWT overexpression, 
flies carrying the transgene UAS-DeltaWTNdeMyc were used, since this construct was 
previously shown to behave as a wild type Delta protein (Parks, A.L. and M.A.T. 
Muskavitch, unpublished data). As a control for Delta dominant-negative function, I used 
flies carrying a Delta responder that encodes a Delta variant that lacks the entire 
intercellular domain, UAS-Delta∆ICD (HUPPERT et al. 1997). 
 
For initial phenotypic analysis of the Delta variants, all fly stocks generated for 
each mutant were crossed to flies carrying the dpp-Gal4 driver to assess the effects of the 
encoded products on the development of the Drosophila wing imaginal disc. Specifically, 
dpp-Gal4 drives expression along the anterior-posterior compartment boundary in the 
wing/notal imaginal disc (JOHNSTON and SCHUBIGER 1996), spanning a portion of the 
wing pouch within which L3 wing vein development occurs, as well as the wing margin 
(Figure 4.2). This tissue, in particular, was chosen for initial characterization of these 
Delta variants because it is an excellent context in which to study gain-of-function and 
loss-of-function effects of Notch signaling. Phenotypes that result from aberrations in 
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Notch signaling in the wing are well-characterized and easily identified (see Chapter I-
Introduction). When UAS-DeltaWTNdeMyc is expressed under dpp-Gal4 control, Notch 
signaling gain-of-function phenotypes are observed, as manifested by the presence of an 
ectopic wing margin in adult wings (Figure 4.3A). When UAS-Delta∆ICD is expressed in 
this region, Notch signaling loss-of-function phenotypes are observed, as indicated by the 
formation of wing margin incisions and vein thickening (Figure 4.4A). Interestingly, four 
of our variants (DeltaNdeMyc-K636R, -K683R, -K688R, and -K683RK688R), when 
assessed in this context, yield Notch signaling gain-of-function phenotypes (ectopic wing 
margin formation, Figures 4.3B-E). This suggests that these lysines are not essential for 
Notch signaling in this context. In contrast, two of the mutants assessed, 
DeltaK742RNdeMyc and DeltaK688MK742RNdeMyc, induce Notch signaling loss-of-
function phenotypes in the wing margin (wing margin incisions) and wing vein 
(thickened wing vein) (Figure 4.4B and C), mimicking phenotypes induced by 
Delta∆ICD expression (Figure 4.4A). This result is further corroborated using the wing 
margin driver, C96-Gal4. When driven with C96-Gal4, DeltaNdeMyc-K742R-containing 
variants yield notches along the entire wing margin (Figure 4.5A and B). 
 
The fact that these variants do not yield a Delta gain-of-function phenotype in this 
context (no ectopic wing margin formation) indicates that the K742R mutation abolishes 
the signaling activity of Delta in this context. The induction of Delta loss-of-function 
phenotypes in other contexts (wing vein thickening and wing margin incision) indicates 
that the K742R mutation imparts dominant-negative character to Delta function in those 
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contexts. Taken together, the data suggest that a mutation in a single lysine residue, 
K742, inactivates Delta signaling ability in this context and creates a Delta variant that 
yields an adult wing overexpression phenotype similar to the phenotype generated by a 
Delta variant that lacks the entire DeltaICD (Figures 4.4 and 4.5). 
 
3. DeltaK742R and DeltaK742RK688M wing margin loss-of-function phenotypes are 
caused by a disruption of Notch signaling 
 I then examined whether the overexpression phenotypes observed in Figures 4.3-
4.5 are caused by alternations in Notch signaling. Specifically, I wanted to determine 
whether the gain-of-function phenotypes in Figure 4.3 are caused by ectopic Notch 
signaling and the loss-of-function phenotypes in Figures 4.4 and 4.5 are caused by 
reduced Notch signaling. Notch signaling is required for the formation of the wing 
margin (Chapter I-Introduction). In the wing imaginal disc of third instar larvae, the 
formation of the wing margin can be detected using Cut immunolabeling (MICCHELLI et 
al. 1997). Therefore, Notch signaling activity can be assessed in this context by using the 
downstream product Cut as a “read out” for Notch signaling (Figure 4.6A, yellow arrow). 
In order to test for the presence or absence of Notch signaling, I crossed dpp-Gal4 
females to males carrying responders encoding each variant. Third instar larvae were 
dissected and the wing discs were stained using Cut immunolabeling. In control discs, 
overexpression of DeltaWTNdeMyc results in a thick stripe of ectopic Notch activation 
within the dorsal compartment of the wing pouch, along the anterior-posterior (A-P) 
compartment boundary, as manifested by the ectopic expression of Cut protein (Figure 
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4.6A, red arrow). Similar ectopic Cut expression was observed following overexpression 
of each of the four responders, UAS-DeltaK636RNdeMyc, UAS-DeltaK688RNdeMyc, 
UAS-DeltaK683RNdeMyc and UAS-DeltaK683RK688RNdeMyc (Figure 4.6B-E). This 
suggests that ectopic wing margin formation observed in Figure 4.3 is due to ectopic 
Notch activation in those cells.  
 
In contrast, UAS-DeltaK742RNdeMyc and UAS-DeltaK688MK742RNdeMyc, 
induce a clear gap in Cut staining where dpp-driven expression intersects with the wing 
margin (Figure 4.7A, yellow arrow). Moreover, these variants do not induce ectopic Cut 
expression within the dorsal compartment of the wing pouch (Figure 4.7A, red arrow). 
Therefore, in those cells in which DeltaK742R-containing variants are expressed at high 
levels, endogenous Notch activation is inhibited, and ectopic Notch activation does not 
occur. Notably, the E3 ubiquitin ligase Mib1, but not Neur, has been shown to be 
essential for wing margin formation (LAI et al. 2005; WANG and STRUHL 2005). Taken 
together with previously published data on Mib1-specific wing function, our data suggest 
that DeltaK742 is specifically required for Delta activity and signaling during wing 
development, and this requirement may be due to ubiquitylation by Mib1. 
 
4. Gain-of-function clonal analysis demonstrates that DeltaK742 is required for 
ubiquitylation by Mind bomb1 
 Adult wing phenotypes that result from the overexpression of DeltaK742R-
containing variants demonstrate the requirement for this specific residue for Delta 
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signaling activity. This evidence is further corroborated by immunohistochemical 
analysis that shows that endogenous Notch activation is inhibited, and ectopic activation 
does not occur, following ectopic expression of DeltaNdeMycK742R-containing variants 
(see above). Since the activity of Notch signaling during wing disc development is 
thought to be Mib1-specific, it is therefore more likely that DeltaK742 is required for 
ubiquitylation by Mib1. To test this hypothesis, I co-expressed UAS-DeltaK742R or UAS-
DeltaK688MK742R with UAS-Mib1, randomly throughout the disc in somatic clones (see 
Chapter V-Materials and Methods). The signaling activities of these Delta variants were 
assayed by Cut immunolabeling. In control experiments, UAS-DeltaWT or UAS-Delta 
variants alone (without UAS-Mib1) were expressed in Act5C-Gal4 FLP-out gain-of-
function clones (GLITTENBERG et al. 2006). Clones were induced during the first and 
second instar larval stages, and third instar larvae were dissected and their imaginal wing 
discs were stained for Cut protein expression (see Chapter V - Materials and Methods). In 
control DeltaWT clones, Cut expression was observed in clones formed dorsally in the 
wing disc, but not ventrally (discs assayed = 6) (Figure 4.8A, A’). This is most likely due 
to the presence of the glycosyltransferase Fringe in the dorsal compartment of the wing 
disc. Fringe modifies Notch, rendering it responsive to activation by Delta, but not 
Serrate (see Chapter I-Introduction), and Fringe is not expressed in the ventral 
compartment of the disc. These results are consistent with previous clonal analyses 
performed by Wang and Struhl (2004). Clones overexpressing DeltaWT along with 
Mib1, exhibit ectopic Notch signaling as well (discs assayed = 3) (Figure 4.9A, A’-C, 
C’). In contrast, DeltaNdeMycK742R-containing variants (Figure 4.8B, B’ and C, C’) 
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failed to activate ectopic Notch signaling even in the presence of Mib1 (discs assayed = 
3) (4.9D, D’-F, F’). These results indicate that the E3 ubiquitin ligase Mib1 requires the 
lysine residue DeltaK742 to ubiquitylate Delta.  
 
5. Gain-of-function clonal analysis demonstrates that DeltaK742 is dispensable for 
ubiquitylation by Neuralized 
To determine whether all of these Delta variants remain responsive to 
ubiquitylation by Neur, UAS-Neur and UAS-Delta-Variants were co-expressed randomly 
throughout the wing disc, in the somatic FLP-out gain-of-function clones (see Chapter V 
- Materials and Methods). The signaling activities of the Delta variants were then assayed 
by Cut immunolabeling. 
 
In control experiments, UAS-Delta-Variants were expressed in clones in the 
absence of UAS-Neur. In clones that overexpress either DeltaWT (discs assayed = 8), 
DeltaK636RNdeMyc (discs assayed = 4), or DeltaK683RNdeMyc (discs assayed = 2), 
ectopic Cut expression was observed in, and adjacent to, clones formed in the dorsal wing 
disc, but not in clones formed in the ventral wing disc (Figure 4.10, see above). Ectopic 
Cut expression is absent from clones that overexpress DeltaK742RNdeMyc (discs 
assayed = 3-5) or DeltaK688MK742RNdeMyc (discs assayed = 3-5) (Figure 4.11), as 
expected based on their phenotypic effects when expressed under control of the dpp-Gal4 
driver.  
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In experimental clones that overexpress Neur and one of the following Delta 
variants – DeltaWT (discs assayed = 6), DeltaK636R (discs assayed = 2), or DeltaK683R 
(discs assayed = 4) – Cut expression is detected within and adjacent to the clones (Figure 
4.10). Cut expression is also observed in clones that express DeltaK742RNdeMyc (discs 
assayed = 4) or DeltaK688MK742RNdeMyc (discs assayed = 4) and Neur (Figure 4.11). 
Notably, ectopic Cut expression is observed for dorsal and ventral clones. This suggests 
that high Neur levels permit DeltaWT, as well as on each of the Delta variants tested, to 
activate Notch signaling in the dorsal and ventral compartments. Therefore, Neur 
overexpression rescues the ability of DeltaK742RNdeMyc and 
DeltaK688MK742RNdeMyc to send a signal (Figure 4.11). Taken together, these data 
suggest that the E3 ubiquitin ligase Neur does not specifically ubiquitylate any of the four 
lysine residues (K636, K683, K688, K742) assayed.   
 
6. DeltaK742R-containing mutants do not appear to be trafficking-defective  
 To test whether the loss of signaling activity of DeltaK742R and 
DeltaK688MK742R results from improper trafficking of the respective proteins, I 
investigated the subcellular localization of these variants in the wing imaginal disc. Our 
lab has previously shown that dpp-Gal4-driven DeltaWT accumulates on the cell surface 
and in vesicles within the dpp expression stripe [Figure 4.12, (PARKS et al. 2000; PARKS 
et al. 2006)]. We have also shown that dpp-Gal4-driven Delta∆ICD has increased 
accumulation on the cell surface, and severely reduced accumulation in vesicles or 
"punctae" (PARKS et al. 2006). I used a similar assay to determine whether 
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DeltaNdeMycK742R-containing variants are also “retained” on the cell surface, and 
exhibit reduced accumulation in intracellular punctae. For this purpose, I used anti-Myc 
immunolabeling, which allowed me to detect specifically the localization of these Delta-
variants and distinguish them from endogenous Delta (Figure 4.12). As previously 
shown, DeltaWTNdeMyc accumulates on the cell surface and in intracellular punctae 
(Figure 4.12 A, A’ and B, B’). Similarly, DeltaK742RNdeMyc and 
DeltaK688MK742RNdeMyc are also localized to the cell surface, as well as in 
intracellular punctae (Figure 4.12 C, C’-F, F’). These data suggest that there are no 
drastic changes in the subcellular localization of any of these variants. However, this 
assay is considered “low resolution” because minute changes in subcellular localization 
would be difficult to discern. Further investigations of subcellular localization of these 
and other variants using markers for intracellular compartments, such as Rab5 or Rab11, 
would provide further insights into specific requirements for DeltaK742 in Delta 
subcellular trafficking.  
 
C. DISCUSSION 
Evidence from numerous groups implies that the Notch ligands Delta and Serrate 
must be ubiquitylated to activate signaling, and that two E3 ubiquitin ligases, Mib1 and 
Neur, are essential for Delta activation in Drosophila (GLITTENBERG et al. 2006; KOO et 
al. 2005; LAI et al. 2001; LAI et al. 2005; LE BORGNE et al. 2005b; WANG and STRUHL 
2005). E3 ubiquitin ligases facilitate the attachment of a ubiquitin molecule to a lysine 
residue in a specific substrate, and this modification targets proteins to endocytic or 
  166
degradative compartments. The alignment of the DeltaICD across ten species, from six 
different taxonomic orders, shows little amino acid conservation, overall. However, a few 
lysine residues are highly conserved and are located in regions of significant sequence 
homology. Previous studies performed in Drosophila imaginal discs, as well as 
mammalian cultured cells, highlight the necessity of DeltaICD lysine residues for at least 
two possible functions. First, ubiquitylation seems to serve as a prerequisite for Delta 
endocytosis, which eventually leads to the dissociation of the Notch receptor, and hence 
to activation of signaling (LE BORGNE and SCHWEISGUTH 2003a; NICHOLS et al. 2007a). 
Second, ubiquitylation may serve as a prerequisite for the recycling of Delta back to the 
cell surface, through endocytic compartments, in order to acquire signaling activity 
(HEUSS et al. 2008; LE BORGNE and SCHWEISGUTH 2003a). However, the specific lysine 
residues that serve as ubiquitylation sites remained unknown.  
 
Results presented in this chapter confirm and extend studies on the requirements 
for lysine residues in the intracellular domains of DSL ligands. Here, I show, for the first 
time, that alteration of a single DeltaICD amino acid, DeltaK742, is sufficient to abolish 
Delta signaling activity. I also demonstrate that the signaling activity of DeltaK742R can 
be rescued by Neur, but not Mib1. Therefore, my data suggest that Delta ubiquitylation 
by Mib1 requires DeltaK742, at least in the Drosophila wing disc.  
 
1. DSL ligand structural requirements for signaling 
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 In this study, we systematically mutated four of the nine lysines in the DeltaICD 
(excluding the three lysines present in the stop transfer sequence, (KOPCZYNSKI et al. 
1988)] and analyzed their effects on Delta function. Our data indicate that altering three 
of the four lysines - K636, K683 and K688 - has no effect on Delta activity in the wing 
disc. However, altering K742 abolishes the ability of Delta to signal, analogous to 
deleting the entire DeltaICD (HUPPERT et al. 1997; PARKS et al. 2006). The requirement 
for a specific DeltaICD residue for Delta activation is not surprising, since by analogy, a 
mutation that affects two lysine residues in the Serrate intracellular domain abolishes its 
signaling activity (GLITTENBERG et al. 2006), even though the Serrate intracellular 
domain includes a total of ten lysines, any of which could presumably be a target for 
ubiquitylation. Interestingly, however, replacing DeltaICD with a short random peptide 
(DeltaR+) that contains two lysines results in a chimeric Delta protein that maintains its 
ability to send a signal (WANG and STRUHL 2004), even in a Mib1- background (WANG 
and STRUHL 2005). The authors of that study suggested that a Mib1-independent 
ubiquitylation event had occurred, since replacing the two lysine residues with arginines 
within the same random peptide abolished the ability of the chimeric Delta protein to 
signal (WANG and STRUHL 2004).  
 
How is it that a random peptide can support the ability of Delta to signal, yet 
altering a single lysine residue within the DeltaICD, or deleting two within the Serrate 
intracellular domain, abolishes the signaling activities of these ligands? It is thought that 
the target protein binding sites of E3 ubiquitin ligases are distinct from the target protein 
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lysine residues to which they mediate covalent ubiquitin attachment [Dan Finley, 
personal communication, (MOLL and PETRENKO 2003)]. Structure-function analysis of 
the interaction between the mammalian E3 ubiquitin ligase MDM2 and its substrate p53 
demonstrates the requirement for specific residues in the N-terminus of p53 (all of which 
are non-lysine residues) for binding to MDM2 (MOLL and PETRENKO 2003). Mutating 
lysine residues in the C-terminus of p53 prevents it from being ubiquitylated (MOLL and 
PETRENKO 2003). Therefore, it is possible that the DeltaK742R variant, which has an 
otherwise wild type protein sequence, retains its ability to bind to Mib1 because the 
binding site for Mib1 does not include K742, and that, following binding, Mib1 cannot 
ubiquitylate the DeltaK742R variant because it normally adds a ubiquitin molecule to 
K742. Further experimentation will be required to draw definitive conclusions about the 
relationship between the binding site and ubiquitylation site for Mib1, within the 
DeltaICD. 
 
2. DSL ligand internalization versus recycling  
 Recent studies performed in mammalian cultured cells using the human Delta 
ortholog Delta-like1 report a clear distinction between ligand internalization/endocytosis 
and ligand recycling (HEUSS et al. 2008). These studies demonstrate that a ubiquitylation-
defective form of Delta-like1, in which all 17 lysine residues are mutated to arginine 
residues (Dll1-K17R), can be internalized into the cell, but fails to recycle back to the cell 
surface, where it needs to be in order to send a signal. However, direct experimental 
evidence showing the recycling of Delta in the context of a multicellular organism, such 
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as Drosophila or the mouse, has not yet been reported. In my thesis work, the Delta 
variants I have generated were tested for trafficking-defectiveness, and preliminary data 
suggest that there are no drastic changes in the trafficking behavior of DeltaK742R or 
DeltaK688MK742R. These results suggest that, in analogy to Dll1-K17R, 
DeltaNdeMycK742R-containing Delta variants may be internalized into the cells, but 
they fail to acquire the ability to send a signal. It is tempting to speculate that 
DeltaNdeMycK742R-containing Delta variants may lose the ability to recycle back to the 
cell surface, which is believed to be a prerequisite for Delta signaling activity (BROU 
2008; LE BORGNE 2006). 
 
Studies in Drosophila mutant tissues imply that there exists a requirement for 
Delta passage through Rab11-positive recycling endosomes as a prelude to acquisition of 
Delta signaling activity in Drosophila (EMERY et al. 2005). In addition, mutations in 
Sec15, an effector of Rab11, result in the downregulation of Delta signaling, presumably 
due to the elimination of Delta recycling (JAFAR-NEJAD et al. 2005). In addition, Wang 
and Struhl (WANG and STRUHL 2004) have demonstrated that Epsin [a protein chaperone 
that facilitates endocytosis of ubiquitylated proteins, (WENDLAND 2002)] is required 
solely in the signal-sending cell for Notch pathway function. They propose that this is 
due to a requirement for Epsin to direct ubiquitylated Delta proteins into a recycling 
pathway. The same authors show that replacing the DeltaICD with the wild type 
endocytosis signal from the Low Density Lipoprotein Receptor [LDLR, a protein that 
recycles back to the cell surface, (JEON and BLACKLOW 2005)] yields a Delta chimera 
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that activates Cut expression and exhibits wild type localization in the wing tissue (i.e., 
both apically and in vesicles) (WANG and STRUHL 2004), suggesting that Delta recycling 
is a prerequisite for signaling. Taken together with previously published results, data 
presented in this chapter imply that DeltaK742 is required for the generation of an active 
ligand that is capable of sending a signal to Notch, and might be required for Delta 
recycling. However, experimental evidence that directly demonstrates recycling of 
Drosophila Delta is a prerequisite for signal activation has not yet been generated.  
 
3. Neuralized and Mind bomb1 may have distinct structural targets and ligation activities 
Neur and Mib1 are structurally distinct molecules, apart from their conserved C-
terminal RING domains, which appear to be required for Delta ubiquitylation activity in 
different contexts (GLITTENBERG et al. 2006; LAI et al. 2005). Therefore, it is plausible 
that they modify different target lysines within the same protein. Clonal analyses 
presented in this chapter demonstrate that co-expression of Mib1 does not rescue the 
signaling ability of DeltaK742R. In contrast, co-expression of Neur with DeltaK742R 
activates its signaling, as is evident by the presence of Cut expression within clones and 
along clonal borders. These data suggest that Neur and Mib1 modify different lysines 
within the same protein. Moreover, co-expression of Neur bypassed any requirement for 
each of the other three lysines tested (K636, K683, and K688), as well. It is possible that 
Neur specifically targets one of the three lysine residues located in DeltaICD that we 
have not assayed, namely K629, K739 or K775. Analogous investigations are under way 
in our group regarding two of these lysines, K629 and K775 (Tachi Zhong, Senior 
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Honors Thesis, Boston College). It is also possible that the ligase activities of Neur and 
Mib1 are distinct in nature, e.g., Mib1 modifies a specific DeltaICD lysine residue, while 
Neur modifies a different lysine residue. Differences in the target residue specificity of 
these two ubiquitin ligases in plausible considering that Neur and Mib1 homologues in 
vertebrates have evolved to mediate several different roles in Notch signaling. For 
instance, vertebrate Mib1 is thought to be responsible for ligand endocytosis and Notch 
signaling activation, while Neur is thought to act downstream of Mib to direct the ligands 
into lysosomal compartments for degradation (SONG et al. 2006). Moreover, the 
ubiquitylation state (i.e., mono-, poly-, or multi-ubiquitylation) of Delta and other Notch 
ligands remains to be characterized. Deeper insights into the function of Delta 
ubiquitylation, and the trafficking events that take place following Delta ubiquitylation, 
will shed light on cell biological mechanisms that play critical roles in Delta signaling 
and underlie Notch pathway function in the development of multicellular organisms. 
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Figure 4.1. Alignment of the Drosophila DeltaICD with intracellular domains from Delta 
orthologs of other invertebrate species. The intracellular domain of Delta exhibits little 
sequence homology, overall, among the species shown; however, seven (K629, K636, 
K683, K688, K739, K742, and K775) of the nine DeltaICD lysine residues (excluding the 
three lysines found in the stop transfer sequence) are significantly conserved and located 
within regions of higher sequence homology. The protein sequences used are: Drosophila 
melanogaster (Delta) NP_477264.1; Drosophila simulans (Delta) XP_002102847.1; 
Drosophila grimshawi (GH22392) XP_001996261.1; Aedes aegypti (neurogenic locus 
delta) XP_001661628.1; Anopheles gambiae (AGAP010265-PA) XP_319454.4; Nasonia 
vitripennis XP_001602323.1 (similar to delta); Apis mellifera (similar to Neurogenic 
locus protein delta precursor) XP_393831.3; Pediculus humanus corporis (Neurogenic 
locus protein Delta precursor, putative) EEB14286.1; Tribolium castaneum (similar to 
Delta) XP_970087.2. Residues highlighted in red are those included in this study, 
residues highlighted in yellow are completely conserved across all species presented, 
residues highlighted in blue represent amino acids conserved in two or more orders, and 
residues highlighted in green are conserved in dipterans. *We do not consider K665 a 
conserved lysine residue because it was “manually” aligned. 
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Figure 4.1. Alignment of the Drosophila DeltaICD with intracellular domains from Delta 
orthologs of other invertebrate species 
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Figure 4.2. The expression pattern of dpp-Gal4 spans the wing/notal imaginal disc. The 
dpp-Gal4 driver (JOHNSTON and SCHUBIGER 1996) directs expression of responders 
(UAS-Gene of interest) in a single stripe, along the anterior-posterior compartment 
boundary, that spans the entire wing/notal imaginal disc. The dpp stripe intersects a 
narrow section of the wing margin and some regions that include wing veins. (A) A third 
larval instar imaginal disc carrying the transgenes dpp-Gal4 and UAS-DeltaNdeMyc. The 
tissue is stained with anti-Delta primary antibody (9B) and Alexa488-conjugated 
antibody, reflecting the expression pattern of dpp-Gal4 (courtesy of Tachi Zhong, Boston 
College). (B) An adult wild type wing (Oregon-R) with the positions of the wing margin, 
as well as the wing veins (L2 – L5), noted. Abbreviations: A: Anterior; P: Posterior; D: 
Dorsal; and V: Ventral.
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Figure 4.2. The expression pattern of dpp-Gal4 spans the wing/notal imaginal disc
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Figure 4.3. Overexpression of four Delta variants results in ectopic wing margin 
formation, as observed with UAS-DeltaWTNdeMyc. Single and double point mutations in 
three different lysine residues within the DeltaICD do not impede Delta function in the 
wing, and yield variants that exhibit gain-of-function phenotypes when overexpressed in 
the wing. (A-E) Adult wings expressing dpp-Gal4 and one of the following Delta variants 
yield small, distorted wings with an ectopic wing margin (arrows). The number following 
each genotype denotes the transgenic line used. (A) UAS-DeltaWTNdeMyc/+ (68-4). (B) 
UAS-DeltaNK636RNdeMyc/+ (48.1). (C) UAS-DeltaK688RNdeMyc/+ (15). (D) UAS-
DeltaK683RNdeMyc/+ (55.1). (E) UAS-DeltaK683RK688RNdeMyc/+ (26.1). 
  177
Figure 4.3. Overexpression of four Delta variants results in ectopic wing margin 
formation, as observed with UAS-DeltaWTNdeMyc 
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Figure 4.4. A single amino acid mutation in the DeltaK742 variant leads to loss-of-
function phenotypes when overexpressed in the wing. (A-C) Adult wings carrying dpp-
Gal4 and a dominant-negative form of the Delta protein exhibit wing margin incisions 
and wing vein thickening (arrows in panels A and B). The number following each 
genotype denotes the transgenic line used. (A) UAS-Delta∆ICD/+ (image obtained from 
Parks et al., 2006). (B) UAS-DeltaK742RNdeMyc/+ (30.4b). (C) UAS-
DeltaK688MK742RNdeMyc/+ (36.2). 
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Figure 4.4. Overexpression of DeltaK742R-containing variants, under dpp-Gal4 control, 
results in dominant-negative effects on Delta function in the wing 
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Figure 4.5. Adult wings exhibit Notch signaling loss-of-function phenotypes when 
DeltaK742R-containing variants are expressed within the developing wing margin. Wing 
margin incisions (arrows point to examples) are observed when both responder lines (A) 
UAS-DeltaK742RNdeMyc/+ (6.3) and (B) UAS-DeltaK688MK742RNdeMyc/+ (36.4) 
were crossed to C96-Gal4. The number following each genotype denotes the transgenic 
line used. 
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Figure 4.5. Overexpression of DeltaK742R-containing Delta variants, under C96-Gal4 
control, results in dominant-negative effects on Notch signaling in the wing 
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Figure 4.6. Overexpression of each of four Delta protein variants results in increased 
Notch signaling, as indicated by the ectopic expression of Cut. The adult wing 
phenotypes seen in Figure 4.3 are due to ectopic Notch signaling, as indicated by the 
expression of Cut protein. (A-E) Wing imaginal discs of third instar larvae stained with 
anti-Cut primary antibody and Alexa488-conjugated secondary antibody. All UAS-Delta 
responder lines were driven by dpp-Gal4. (A) UAS-DeltaWTNdeMyc (68-4)/+. The wing 
margin forms along the dorsal-ventral (D/V) boundary (yellow arrow). DeltaWT 
expression in the dpp stripe results in ecoptic Cut protein expression in the dorsal 
compartment of the wing (red arrow). Similar phenotypes are seen for four Delta 
variants. (B) UAS-DeltaK636R/+ (48.1). (C) UAS-DeltaK688R/+ (15). (D) UAS-
DeltaK683R/+ (55.1). (E) UAS-DeltaK683RK688R/+ (26.1). The number following each 
genotype denotes the transgenic line used. Abbreviations: D: dorsal; V: ventral. 
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Figure 4.6. Overexpression of each of four Delta protein variants results in increased 
Notch signaling, as indicated by the ectopic expression of Cut 
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Figure 4.7. DeltaK742 is required for Notch signaling in the Drosophila wing. The Notch 
signaling loss-of-function phenotypes exhibited in Figure 4.4 are due to reduced Notch 
signaling in the wing imaginal disc. This reduced signaling is reflected by the gaps in Cut 
expression along the wing margin (red arrow) and the absence of ectopic Cut expression 
along the dpp stripe within the dorsal compartment (yellow arrow) that result from 
expression of these variants under control of dpp-Gal4. (A, A’-D, D’) Wing imaginal 
discs are from third instar larvae stained with anti-Cut primary antibody and Alexa488-
conjugated secondary antibody. All UAS-Delta responder lines were driven by dpp-Gal4. 
The figure shows two independent transgenic lines for each construct, and two discs per 
transgenic line. The number following each genotype denotes the transgenic line used. 
(A, A’) UAS-DeltaK742R/+ (30.4b). (B, B’) UAS-DeltaK742R/+ (6.3). (C, C’) UAS-
DeltaK688MK742R/+ (22.3). (D, D’) UAS-DeltaK688MK742R/+ (36.4). Abbreviations: 
D: dorsal; V: ventral. 
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Figure 4.7. DeltaK742 is required for Notch signaling in the Drosophila wing 
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Figure 4.8. Delta variants are expressed randomly in clones (green) in the wing 
imaginal disc. Third larval instar wing discs were dissected and stained with anti-Cut 
antibody (red). The number following each genotype denotes the transgenic line used. (A, 
A’) Act5C-Gal4;UAS-DeltaWT/+ (pUG3-4-4). Clones exhibit ectopic Notch signaling, as 
manifested by the thicker stripe of Cut expression (arrow). (B, B’) Act5C-Gal4/+;UAS-
DeltaK742RNdeMyc/+ (27.5) and (C, C’) Act5C-Gal4/+;UAS-
DeltaK688MK742RNdeMyc/+ (22.3) do not exhibit ectopic Notch signaling around 
clones in the entire wing disc (arrows point to examples of clone-containing regions that 
lack Cut expression).  Abbreviations: D: dorsal; V: ventral. 
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Figure 4.8. Clones that express DeltaK742R-containing variants do not exhibit ectopic 
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Figure 4.9. Overexpression of Mind bomb1 does not rescue the signaling activity of 
DeltaK688MK742RNdeMyc. Mib1 and the DeltaK688MK742RNdeMyc variant are co-
expressed randomly in clones (green) in wing imaginal discs. Third instar larvae were 
dissected and stained with anti-Cut antibody (red). (A, A’-C, C’) UAS-Mib1/+;Act5C-
Gal4/+;UAS-DeltaWTNdeMyc/+ (pUG3-4-4). Three examples of wing discs that exhibit 
ectopic Notch signaling around clones within the dorsal compartment of the wing pouch 
(arrows point to examples). (D, D’-F, F’) UAS-Mib1/+;Act5C-Gal4/+;UAS-
DeltaK688MK742RNdeMyc/+ (22.3). Three examples of wing discs that do not exhibit 
ectopic Notch signaling around clones throughout the entire wing disc (arrows point to 
examples of clones that lack Cut expression). The number following each genotype 
denotes the transgenic line used. Abbreviations: D: dorsal; V: ventral.
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Figure 4.9. Overexpression of Mind bomb1 does not rescue the signaling activity of 
DeltaK688MK742R 
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Figure 4.10. All Delta variants can activate Notch signaling when co-expressed with 
Neur. Neur and Delta variants were co-expressed randomly in clones (green) in wing 
imaginal discs. Third instar larvae were dissected and stained with anti-Cut antibody 
(red). (A, A’) Clones of UAS-DeltaWT/+ (pUG3-4-4) exhibit ectopic Notch signaling in 
the dorsal compartment, as manifested by ectopic Cut expression (arrow). This signaling 
activity is enhanced in the presence of Neur (B, B’), as indicated by ectopic Cut 
expression in the ventral compartment, as well (arrow). The same is observed with all 
Delta variants tested: DeltaK636RNdeMyc (49.1) (C, C’) with Neur (D, D’); 
DeltaK683RNdeMyc (57.3) (E, E’) with Neur (F, F’). The number following each 
genotype denotes the transgenic line used. Abbreviations: D: dorsal; V: ventral.
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Figure 4.10. All Delta variants can activate Notch signaling when co-expressed with 
Neur 
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Figure 4.11. Clones of DeltaK742R-containing variants (green) in third larval instar 
imaginal wing discs stained with anti-Cut antibody (red). (A, A’) DeltaK742RNdeMyc 
(27.5) and (B, B’) UAS-DeltaK688MK742RNdeMyc (22.3) do not turn on ectopic Cut 
expression dorsally or ventrally. However, the signaling activities of both constructs are 
restored in the presence of ectopic Neur (C, C’ and D, D’, respectively). The number 
following each genotype denotes the transgenic line used. Abbreviations: D: dorsal; V: 
ventral. 
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Figure 4.11. Neur rescues the signaling activity of DeltaK742R-containing variants 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
UAS-DeltaNdeMycK742R 
UAS-DeltaNdeMycK688MK742R 
A A’ 
B B’ 
C C’ 
D D’ 
Delta variant + UAS-Neur Delta variant alone 
D 
V 
  194
Figure 4.12. DeltaK742R-containing mutants exhibit subcellular localization similar to 
that of DeltaWT. Third larval instar wing discs expressing dpp-Gal4-driven Delta 
variants, stained with anti-Myc antibody (green). (A-C) Images taken in a higher focal 
plane where cell surface localization is predominantly observed. (A’-C’) Images taken in 
a lower focal plane where subcellular vesicles are predominantly observed (arrows point 
to examples). (A, A’) dpp>DeltaWTNdeMyc/+ (68-4) shows accumulation of 
DeltaWTNdeMyc at the cell surface, as well as in vesicles. Similar staining is observed 
with (B, B’) dpp>DeltaK742RNdeMyc/+ (30.4b) and (C, C’) 
dpp>DeltaK688MK742RNdeMyc/+ (22.3). The number following each genotype denotes 
the transgenic line used. 
  195
Figure 4.12. DeltaK742R-containing mutants exhibit subcellular localization similar to 
that of DeltaWT 
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CHAPTER V 
MATERIALS AND METHODS 
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A. CHAPTER II: Transposon screen 
1. Fly stocks and culture: The Exelixis transposon collection (THIBAULT et al. 2004) and 
all stocks from our laboratory were maintained using standard procedures. All crosses 
were performed at 25°C, unless otherwise noted.  
 
2. Drosophila strains used for the screen: The Exelixis collection housed in the laboratory 
of Spyros Artavanis-Tsakonas at the Harvard Medical School (Boston, MA) 
(ARTAVANIS-TSAKONAS 2004), GMR-Gal4 (FREEMAN 1996; HAY et al. 1994), 34B-Gal4 
(INGHAM and FIETZ 1995), C96-Gal4 [(GUSTAFSON and BOULIANNE 1996), a gift from 
Barry Yedvobnick, Emory University, Atlanta, GA], UAS-DeltaWT (line pUG2-4-4 on 
chromosome 2, T. L. Jacobsen, Ph.D. Thesis, Indiana University) and UAS-Delta∆ICD 
(HUPPERT et al. 1997).  
 
3. Primary screen: The screen was performed by assaying the effect of each of 10,447 
transposon insertions, from the Exelixis stock collection housed in the Artavanis-
Tsakonas laboratory (ARTAVANIS-TSAKONAS 2004), on the eye phenotype of GMR-Gal4 
UAS-DeltaWT/+ (GMR>DeltaWT/+) flies. Our primary screen consisted of crossing 
males (typically five) carrying autosomal or viable X-linked insertions to virgin females 
(five to eight females were used) with the homozygous GMR>DeltaWT genotype and 
scoring the F1 progeny for changes in the GMR>DeltaWT/+ rough eye phenotype. 
Modifying transposons were categorized as enhancers or suppressors of weak, moderate, 
or strong intensity. A subset of the modifiers, mainly the ones that were classified as 
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strong or moderate, were re-crossed to GMR>DeltaWT to confirm the modification. 
Confirmed modifiers were subsequently crossed to flies carrying the GMR-Gal4 
transgene to perform a negative secondary test. GMR-Gal4 adult flies have mildly rough 
eyes [data not shown, (KRAMER and STAVELEY 2003)], and this test was used to 
eliminate modifiers that affect expression of GMR-Gal4 in the absence of Delta 
overexpression. This test served as an assessment of candidate transposon-lines that 
modified GMR-Gal4 in a Delta-independent fashion. F1 progeny from this cross were 
scored for modification of the GMR-Gal4 eye phenotype. Those that modified GMR-
Gal4 similarly to the way they modified GMR>DeltaWT were categorized as low priority 
and were not considered for further analysis. However, all transposon lines that did not 
modify GMR-Gal4 or modified it in a different fashion than they modified 
GMR>DeltaWT/+ were considered for downstream secondary analysis.  
 
4. Secondary testing: Two genetic secondary tests were performed to prioritize the 
candidate modifiers using phenotypes that result from expression of a dominant-negative 
Delta variant created by truncation of the Delta intracellular domain (Delta∆ICD, 
Huppert 1997) in the developing wing vein [34B-Gal4 UAS-Delta∆ICD/+ 
(34B>Delta∆ICD)] or wing margin [UAS-Delta∆ICD/+;C96-Gal4/+ 
(C96>Delta∆ICD)]. As for the primary screen, we crossed five males, carrying 
autosomal or viable X-linked transposon-insertions, to virgin females (five to eight 
females were used) with one of the two genotypes noted above. We assessed 
enhancement and suppression of both of these phenotypes. 
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5. Annotation of hits: All high priority modifiers were annotated by aligning the relevant 
transposon-flanking sequence (THIBAULT et al. 2004) against the Drosophila 
melanogaster genome using the FlyBase BLAST website (Version, FB2007_03) 
flybase.bio.indiana.edu/blast). A 10 kb genome browser snapshot was taken, and 
transposon-specific criteria were used to assess which genes were potentially affected by 
the transposon insertion (see Chapter II).  
 
6. General procedure for immunohistochemical analysis of Drosophila tissue: Imaginal 
discs were dissected in 1X PBS (10 mM Na2HPO4 and 10 mM NaCl) and fixed using 4% 
paraformaldehyde dissolved 1X PBS for 30-40 minutes, and subsequently washed 3 
times (10 minutes each wash) in 1X TPBS (1X PBS with 0.3% Triton X-100). Discs 
were then incubated in the desired primary antibody, appropriately diluted in 1X TPBS 
and 5% natural goat serum (NGS), overnight at 4°C. The following day, tissues were 
washed 3 times in 1X TPBS (10 minutes each wash) and incubated in secondary antibody 
(diluted in 1X TPBS and 5% NGS) for two-four hours at room temperature. Then tissues 
were washed twice in 1X TBPS and once in 1X PBS (10 minutes each wash), and finally 
mounted using glycerol for non-fluorescent staining, or Vectashield (Vector Laboratories, 
Inc. Burlingame, CA) for fluorescent staining. The SP5 Leica confocal microscope and 
Adobe Photoshop 7.0 were used to process images.  
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Cone cell analysis: Approximately 15 retinas, from 15 brains, were dissected from pupae 
at 24 hr after puparium formation (APF). The monoclonal antibody mouse anti-Cut 
[Developmental Studies Hybridoma Bank (DSHB), University of Iowa, Iowa City, Iowa], 
at a dilution of 1:5, was used to detect cone cells. The secondary antibody Alexa488-
conjugated goat anti-mouse (Molecular Probes, Eugene, OR) was then used at a dilution 
of 1:500 to detect binding of primary antibody. After mounting the retinas, the number of 
cone cells in 20 ommatidia per retina was counted, providing data for an average of 300 
ommatidia for each genotype tested. Student’s t-Test was used (two tail distribution and 
two sample unequal variants, Microsoft Excel 2004) to compare the number of cone cells 
per ommatidium between genotypes.  
 
7. Phenotypic assessment of transgenic adults: Adult wings and nota were submerged in 
mineral oil and pictures were taken on a Zeiss Axioskop and Zeiss Stemi SV 11 using the 
Zeiss AxioCam camera and Zeiss AxioCam Plug-In software, Version 1.0. Adult eye 
pictures were taken using Leica MZ16 In-Focus system. All images were assembled 
using Adobe Photoshop 7.0. 
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B. CHAPTER III: Amun 
1. Drosophila strains were used for the study of Amun:  
a. Gal4-drivers used for the study of Amun overexpression phenotypes:  
(i) Drivers obtained from the Bloomington Drosophila Stock Center (BDSC), 
Indiana University, Bloomington, Indiana: 1348-Gal4 (HUPPERT et al. 1997); 24B-Gal4 
(SCHUSTER et al. 1996); 34B-Gal4 (INGHAM and FIETZ 1995); 31-1-Gal4 (JACOBSEN et 
al. 1998); 389-Gal4 (SHIGENAGA et al. 1997); 30A-Gal4 (BRAND and PERRIMON 1993); 
Act5C-Gal4/CyO (WANG et al. 2007); C179-Gal4 (DE CELIS et al. 1996); D42-
Gal4/TMS, Sb e (GUSTAFSON and BOULIANNE 1996); Dll-Gal4[MD23]/CyO (CALLEJA et 
al. 1996); dpp-Gal4/TM6B (STAEHLING-HAMPTON et al. 1994); en2.4-Gal4[e22c]/SM5 
(LAWRENCE et al. 1995); ey-Gal4 (BOSE et al. 2006); elav[C155]-Gal4 (LIN and 
GOODMAN 1994); GMR-Gal4/CyO (FREEMAN 1996; HAY et al. 1994); neur-Gal4/TM3 
(REDDY and RODRIGUES 1999); ptc-Gal4 (SPEICHER et al. 1994); Ser[2]-Gal4 (FLEMING 
et al. 1997); ve-Gal4 (SCHUBIGER 1997); and vg-Gal4 (SIMMONDS et al. 1995).  
 
(ii) Drivers acquired from various laboratories: pannier (pnr)-Gal4/TM3 
(HEITZLER et al. 1996) and omb-Gal4[MD653]/FM7 (POECK et al. 1993), a gift from 
Gines Morata, Centro de Biología Molecular Severo Ochoa, Madrid, Spain; scabrous 
(sca)-Gal4/CyO (MLODZIK et al. 1990), a gift from Andrea Brand, University of 
Cambridge, Cambridge, UK; stripe[MD710](sr)-Gal4/TM6B (CALLEJA et al. 2002; USUI 
et al. 2004), a gift from Pat Simpson, University of Cambridge, Cambridge, UK; and 
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C96-Gal4 (GUSTAFSON and BOULIANNE 1996), a gift from Barry Yedvobnick, Emory 
University, Atlanta, GA. 
 
b. Amun responder lines: 
I generated the fly stocks bearing the following responder lines for this study: 
UAS-AmunWT, UAS-Amun::RFP and UAS-Amun::HA. Each line was appropriately 
balanced and a homozygous stock was made where viable. All balancer stocks used are 
in a w1118 background and these are: XPGL/Binsinscy for balancing on chromosome I (the 
X chromosome), Sq/CyO for balancing on chromosome II, and Dr e/TM6C for balancing 
on chromosome III.  
 
c. Stocks used for generating somatic gain-of-function clones: 
The two stocks hsFlp;Adv/CyO and Ay-Gal4::GFP (Act5C >y+>Gal4::GFP, 
homozygous on chromosome II) were obtained from the BDSC and combined into one 
line to produce the homozygous viable stock, hsFlp;Ay-Gal4::GFP. This stock was then 
crossed to UAS-Amun::RFP (2.66.3) to create clones of UAS-Amun::RFP in the 
developing notum (see "Generating somatic gain-of-function clones" below). 
 
d. Other lines used: 
In addition, the following lines were acquired from various sources: UAS-myr-
mRFP/TM6B (BDSC); A101 P[lArB]A101.IF3 (BELLEN et al. 1989), a gift of Hugo 
Bellen, Baylor College of Medicine, Houston, TX; UAS-AmunRNAi and UAS-Dicer2 
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(DIETZL et al. 2007), obtained from the Vienna Drosophila RNAi Center. UAS-
AmunRNAi and UAS-Dicer2 were combined in one line to create the homozygous stock 
UAS-AmunRNAi;UAS-Dicer.  
 
2. Generating Amun constructs: A full-length cDNA clone of CG2446 (Amun) in the 
pOT2 vector (GH02702) was acquired from the Berkeley Drosophila Genome Project. A 
SalI-NotI fragment of Amun was created by using the forward primer (5’-
GTCGACATGTCCAACGGCAAGGCG-3’) and reverse primer (5’-
GTGCGGCCGCGATTCGCTGCGCAG-3’) (IDTDNA, www.idtdna.com), and the PCR 
fragment was purified and ligated into Blunt-end TOPO (Invitrogen), restricted with SalI 
and NotI, and ligated into the Gateway vector pENTR1A (Invitrogen). Lambda 
recombinase (Invitrogen) was used to insert the Amun open reading frame into three 
Gateway destination vectors (obtained from the Drosophila Genome Resource Center, 
Indiana University, Bloomington): pTW (containing a UAS promoter), pTWH 
(containing a UAS promoter and HA C-terminal tag), and pTWR (containing a UAS 
promoter and an mRFP C-terminal tag). w1118 transgenic stocks containing these 
constructs were generated by Genetics Services, Inc. (Cambridge, MA).  
 
3. Sequencing Amun constructs prior to injections: To ensure that the Amun fragment 
created by PCR contained no replication errors, I sequenced the fragment following its 
insertion into the Gateway vector pENTR1A (Invitrogen). I used the following forward 
and reverse primers (ordered from IDTDNA, www.idtdna.com) for sequencing: 
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FORWARD-1 5’-CCGTCATCCAGGAGACAAAG-3’ 
FORWARD-2 5’-ACTCAGCACAAACGGCAAC-3’ 
FORWARD-3 5’-GCTCCTTTGGCAGAAGCGGAAGC-3’ 
FORWARD-4 5’-GCCTGCCCATCCTGACTCCC-3’ 
REVERSE-1 5’-CTTTATCGAACCTCAAGGGC-3’ 
REVERSE-2 5’-TCAGAATCAAAAGCAGTCGC-3’ 
REVERSE-3 5’-TGTTGATTTGGACGACGAAA-3’ 
REVERSE-4 5’-TGCGATATGGAGCTGAAGAA-3’ 
 
The sequencing reaction was prepared using the CEQ DTCS-Quick Start Kit 
(Beckman Coulter, Fullerton, CA), following the manufacturer's instruction manual, with 
the following modifications. The plasmid template was pre-heated with water at 96°C for 
5 min and only half a reaction (10 µl) was run each time. The PCR reaction was followed 
by an ethanol purification step, following the manufacturer's instruction manual. Finally, 
the reactions were analyzed using the capillary sequencer CEQ 8000 (Beckman Coulter, 
Fullerton, CA). The results from my sequencing reactions were compared to the open 
reading frame of Amun using the ALIGN program offered by NCBI that allows you to 
compare two nucleotide sequences “blast2seq.”  
 
4. Protein alignments: Alignments were created in VectorNTI (Suite 7.1, for Mac OS X) 
using the ALIGN program with the following protein sequences: Drosophila 
melanogaster Amun (CG2446), NP_727552.1; Drosophila simulans GD15978, 
XP_002106704.1; Danio rerio Zgc:112496, AAH91543.1; Xenopus tropicalis 
LOC100145131, NP_001120112.1; Equus caballus LOC100066977, XP_001497177.1; 
Bos taurus LOC516108, XP_594248.3; Monodelphis domestica LOC100020910, 
XP_001373236.1; Homo sapiens N-methylpurine-DNA glycosylase (MPG), 
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NP_001041636.1; Homo sapiens MutYH, NP_001041636.1; Mycobacterium 
tuberculosis, ultraviolet N-glycosylase/AP lyase (pdg), NP_338328.1; Bacillus subtilis, 
DNA-3-methyladenine glycosylase (AlkA), YP_176647.1; Drosophila melanogaster, 8-
oxoguanine DNA glycosylase (OGG1), NP_572499.2; Homo sapiens, 8-oxoguanine 
DNA glycosylase (OGG1), NP_002533.1; Homo sapiens, Nth1, NP_002519.1; and 
Drosophila melanogaster, Nth1, NP_610078.2. 
 
5. Immunohistochemical analysis: For tissue dissection and antibody staining, see the 
protocols provided above. For notal stainings the following primary antibodies were used 
(all mouse monoclonal antibodies): anti-Achaete at 1:5 (DHSB, and a gift from Teresa 
Orenic, University of Illinois at Chicago, Chicago, IL) and 22C10 at 1:100 (DSHB). 
Secondary antibodies used were Alexa488-conjugated goat anti-mouse at 1:500 
(Molecular Probes, Eugene, OR), Cy5-conjugated goat anti-mouse at 1:200 (Molecular 
Probes, Eugene, OR), and horseradish peroxidase (HRP)-conjugated goat anti-mouse at 
1:1000 (Jackson Immunoresearch, West Grove, PA). Peroxidase activity was visualized 
using 3,3’-diaminobenzidine (DAB). ß-galactosidase activity of was detected using 
Fe(CN)/X-gal staining solution (HARTENSTEIN and POSAKONY 1990).  
 
6. Generating somatic gain-of-function clones: For ectopic clonal expression, virgins of 
the genotype hs-Flp; Ay-Gal4::GFP were crossed to males of the genotype UAS-
Amun::RFP/TM6B. F1 first to second instar larvae were incubated at 37°C for 1 hr to 
induce clones. Nota were dissected 6 hr APF and stained as described above. Monoclonal 
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mouse anti-Achaete primary antibody and Cy5-conjugated anti-mouse secondary 
antibody were used to detect Achaete protein expression (see above). 
 
7. Assessment of the lethal phase of ubiquitous expression of Amun and AmunRNAi 
Flies of the Act5C-Gal4/CyO genotype waere crossed to 32 UAS-Amun-containing 
transgenic lines, as well as UAS-AmunRNAi. UAS-AmunRNAi and a total of eight UAS-
Amun-containing lines (2.39.1, 2.38.1, 2.25.2, 2.66.3, 2.76.1, 2.66.2, 2.57.2) yielded no 
critical class when overexpressed using Act5C-Gal4. To assess the lethal phase, 400 
embryos were collected and placed on a dissecting dish and monitored for lethality. The 
majority was found dead between the first and second larval instar stage. The eclosed 
adults were all non-critical class, as marked by the CyO balancer. 
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C. Chapter IV: DeltaICD lysine analysis 
1. Drosophila strains used for this study:  
a. Gal4-drivers used for the study of overexpression phenotypes of the Delta variants:  
C96-Gal4 (GUSTAFSON and BOULIANNE 1996), a gift from Barry Yedvobnick, 
Emory University, Atlanta, GA; and dpp-Gal4/TM6B (STAEHLING-HAMPTON et al. 
1994), a gift Andrea Brand, University of Cambridge, Cambridge, UK.  
 
b. Delta-variant responder lines: 
The fly stocks bearing the following responder lines were generated for this study: 
UAS-DeltaK636RNdeMyc, UAS-DeltaK683RNdeMyc, UAS-DeltaK688RNdeMyc, UAS-
DeltaK688MNdeMyc, UAS-DeltaK742RNdeMyc, UAS-DeltaK688MK742RNdeMyc and 
UAS-DeltaK683RK688RNdeMyc. Each line was appropriately balanced, and a 
homozygous stock was made where viable. All balancer stocks used are in a w1118 
background: XPGL/Binsinscy for balancing on chromosome I (the X chromosome), 
Sq/CyO for balancing on chromosome II and Dr e/TM6C for balancing on chromosome 
III. The two control stocks used were generated for previous studies: UAS-
DeltaWTNdeMyc (68-4) (A. L. Parks and M. A. T. Muskavitch, unpublished) and UAS-
Delta∆ICD (HUPPERT et al. 1997). 
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c. Other lines used: 
UAS-Mind bomb1 (UAS-Mib1, homozygous on chromosome I), a gift from 
Francois Schweisguth, Institut Pasteur, Paris, France; UAS-Neuralized (UAS-Neur, 
homozygous on chromosome II), a gift from Christos Delidakis, Institute of Molecular 
Biology and Biotechnology, Foundation for Research and Technology – Hellas, Crete, 
Greece; hsFlp;Dr e/TM3, a gift from Robin Hiesinger, University of Texas Southwestern 
Medical Center, Dallas, TX; and hsFlp (homozygous viable on chromosome II), 
hsFlp;Adv/CyO and Ay-Gal4 were obtained from the BDSC. 
 
d. Stocks generated for generating somatic gain-of-function clones: 
The two lines hsFlp;Adv/CyO and Ay-Gal4::GFP (Act5C >y+>Gal4::GFP, 
homozygous on chromosome II) were obtained from the BDSC and combined into one 
stock to produce the homozygous viable stock, hsFlp;Ay-Gal4::GFP. This stock was 
then used to cross to UAS-Delta-Variants to generate clones in the imaginal wing discs of 
third instar larvae. The following stocks were generated to create clones of UAS-Delta-
Variant, and one of the two responders, UAS-Mib1 or UAS-Neur: 
i. hsFlp;UAS-Neur (homozygous viable) 
ii. UAS-Mib1;hsFlp (homozygous viable) 
iii. Ay-Gal4;UAS-Delta (pUG 3-4-4, T. L. Jacobsen, Ph.D. Thesis, Indiana University) 
iv. Ay-Gal4;UAS-DeltaK636RNdeMyc (49.1) 
v. Ay-Gal4;UAS-DeltaK683RNdeMyc (57.3) 
vi. Ay-Gal4;UAS-DeltaK742RNdeMyc/TM6C (27.3) 
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vii. Ay-Gal4;UAS-DeltaK688MK742RNdeMyc (22.3) 
viii. Ay-Gal4;UAS-DeltaK683RK688RNdeMyc (26.5)    
  
2. Generating Delta variants: The full-length clone of DeltaNdeMyc in pBluescript was 
previously generated (A.L. Parks and M. A. T. Muskavitch, unpublished). The Myc tag 
(KOLODZIEJ and YOUNG 1991) was inserted at the NdeI restriction site following aa 833 
(the last amino acid encoded before the Delta stop codon). Site-directed mutagenesis was 
performed using the QuikChange Site-Directed Mutagenesis Kit (Strategene, La Jolla, 
CA) and the following forward and reverse primers were used: 
K636R FOR 
K636R REV 
5’-GACGCGGAGGCCAGGAGGCAGAACGAACAGAAT-3’ 
5’-ATTCTGTTCGTTCTGCCTCCTGGCCTCCGCGTC-3’ 
K683R FOR 
K683R REV 
5’-GGCGGCAACCCGAATATCATCAGAAACACCTGGGACAAG-3’ 
5’-CTTGTCCCAGGTGTTTCTGATGATATTCGGGTTGCCGCC-3’ 
K688R FOR 
K688R REV 
5’-CAAAAACACCTGGGACAGGTCGGTCAACAACATTTG-3’ 
5’-CAAATGTTGTTGACCGACCTGTCCCAGGTGTTTTTG-3’ 
K688M FOR 
K688M REV 
5’-CATCAAAAACACCTGGGACATGTCGGTCAACAACATTTG-3’ 
5’-CAAATGTTGTTGACCGACATGTCCCAGGTGTTTTTGATG-3’ 
K742R FOR  
K742R REV 
5’-GGGATCGGTGTTGAGTTGCCTTTGCGACTTGGCTCTTTG-3’ 
5’-CAAAGAGCCAAGTCGCAAAGGCAACTCAACACCGATCCC-3’ 
K688MK724R FOR 
K688MK742R REV 
K688M was used as the backbone to create the second mutation, K742R, 
using K742R primers above. 
K683RK688R FOR 
K683RK688R REV 
K683R was used as the backbone to create the second mutation, K688R, 
using K688R primers above. 
 
 Following the mutagenesis reaction, the presence of the mutation was confirmed 
using the same sequencing procedure as described above. Then, an EcoRI-fragment 
encompassing the DeltaNdeMyc open reading frame containing the mutation was 
restricted and ligated into the vector pExpUAS (obtained from the Drosophila Genome 
Research Center, Indiana University, Bloomington, IN) using EcoRI sites. The 
orientation of insertion was validated using appropriate restriction enzymes. w1118 
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transgenic flies containing these constructs were generated by Genetics Services, Inc. 
(Cambridge, MA).  
 
3. Immunohistochemical analysis: For tissue dissection and antibody staining, see the 
protocols provided above. For imaginal wing disc stainings, mouse anti-Cut monoclonal 
antibody at 1:5 (DHSB) was used as a downstream marker of Notch signaling. Secondary 
antibodies used were Alexa488-conjugated goat anti-mouse antibody at 1:500 (Molecular 
Probes, Eugene, OR) and Cy3-conjugated goat anti-mouse antibody at 1:500 (Molecular 
Probes, Eugene, OR). 
 
4. Generating somatic gain-of-function clones: For ectopic clonal expression, virgins with 
the genotype hsFlp;Dr e/TM3, hsFlp;UAS-Neur or UAS-Mib1;hsFlp were crossed to 
males with the genotype Ay-Gal4::GFP;UAS-Delta-Variant. F1 first to second instar 
larvae were incubated at 37°C for 1 hr to induce clones. Third instar larvae were 
dissected and imaginal wing discs were stained as described above. Clones were marked 
by GFP expression. 
 
5. Protein sequences used: Drosophila melanogaster (Delta) NP_477264.1; Drosophila 
simulans (Delta) XP_002102847.1; Drosophila grimshawi (GH22392) XP_001996261.1; 
Aedes aegypti (neurogenic locus delta) XP_001661628.1; Anopheles gambiae 
(AGAP010265-PA) XP_319454.4; Nasonia vitripennis XP_001602323.1 (similar to 
delta); Apis mellifera (similar to Neurogenic locus protein delta precursor) XP_393831.3; 
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Pediculus humanus corporis (Neurogenic locus protein Delta precursor, putative) 
EEB14286.1; Tribolium castaneum (similar to Delta) XP_970087.2.  
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